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PREFACE 


This edition — the seventh — of Recent Advances in Organic 
Chemistry^ on account of the many interesting and important 
developments in Organic Chemistry, has been re-arranged as 
Volumes II and III of the series. 

In each volume the sections have been revised and extended 
to include new work, and in the cases of the polysaccharides, 
diterpene and triterpene compounds, where advances have been 
very rapid, a separate chapter has been given to each of these 
three groups. New chapters on Pectic Substances and Alginic 
Acid, Lignans, Porphyrins, Azaporphyrins, Synthetic High 
Polymers and Condensates, Peutero-Organic Compounds, and 
Some Aspects of Stereochemistry have been added. Inspection 
of the tables of contents will show how these topics have been 
arranged in the two volumes. 

The references to the literature are indicated by figures, whilst 
footnotes are distinguished by asterisks. In the index of each 
volume the principal reference is in heavier type. 

The two books will, it is hoped, serve to guide the reader in 
the fields with which they deal, and encourage him to go further 
in the study of the various subjects discussed, since this is the 
main function of a work of this kind. 

In preparing these volumes I was fortunate in having the 
advice and counsel of Professor A. W. Stewart before his untimely 
death in June 1947. 

In conclusion I desire to acknowledge the great assistance 
which has been given to me by Dr. R. C. Pink, who undertook 
the onerous task of proof-reading, and I am further indebted to 
him for many helpful suggestions, which have led to improve- 
ments in the text. 

The Queen’s University of Belfast, 

March 1948. 


Hugh Graham. 


Vlll 


CONTENTS 


CHAPTEE 

K — a- and B-Cyperone, page 155 
L— Azulenes, page 160 
M — Tlie CaryopIi}dIenes, page 163 

VI... THE DITEEPENE GROUP OP COMPOUNDS . 
A — ^Introductory, page 174 
B — TEe CampEorenes, page 176 
C— Abietic Acid, page 178 
D— d-Pimaric Acid, page 185 
E— Z-Sapietic Acid (Z-Pimaric Acid), page 189 
F— AgatEic Dicarboxylic Acid, T)age 190 
6— Manoyl Oxide, Manool and Sclareol, page 194 

VII... THE TRITERPENE GROUP OP COMPOUNDS 
A — Introductory, page 201 
B — TEe Squalenes, page 201 
C— Lupeol (Lupenol), page 209 
D— Hederagenin and Oleanolic Acid, page 211 
E— TEe Amyrins (Amyrenols), page 217 
P—Gypsogenin, GlycyrrEetic Acid, ErytErodio], 
Betulin and Basseol, page 221 

VIII.. .VARIOUS GROUPS OP ALKALOIDS 
A— TEe GlyoxaEne Group, page 225 
B— TEe Areca Nut Alkaloids, page 233 
C — ^Ricinine, page 236 
D — The Angostura Alkaloids, page 241 
E— TEe AnEalonium or Cactus Alkaloids, page 245 
P— The PEenantErene Group, page 254 
G— TEe PEenantEridine Group, page 270 
H— TEe QuinazoEne Group, page 272 

IX. .. RECENT WORK ON THE INDOLE GROUP 

OP ALKALOIDS 

A — TEe Alkaloids of Ergot, page 276 
B— TEe HarmaEne Alkaloids, page 287 
C ^TEe YoEimbe Alkaloids, page 289 
D— Strychnine and Brucine, page 295 

X. ..THE ANTHOGYANINS . 


PAGE 


201 


225 


276 


308 



CONTENTS 


bL 

■'CHAPTER PAGE 

XI.. .THE DEPSIDES AND TANNINS . . . 329 

A— Historicalj page 329 
B — The Nature of the Depsides, page 332 
C — Some Factors which influence Depside 
Formation, page 333 
D — The Synthesis of Depsides, page 335 
E — Intramolecular Change in the Depsides, page 340 
F— The Lichen Acids, page 341 
G— Some Chlorodepsides, page 361 
H — The Depside Tannin, page 355 
I— The Penta-(m-Digalloyl)-Glucoses, page 357 
J — ^Penta-(m-Digalloyl)-p-Glucose and 
Chinese Tannin, page 360 

K — Compounds of High Molecular Weight, page 361 
L — The Ellagitannins, page 364 
M— The Phlobatannins, page 365 

XII. ..THE LIGNANS . ’ . . . . , 372 

XIII. . .SOME THEOEIES OF THE NATUEAL 

SYNTHESIS OF VITAL PEODUCTS . . 383 

NAME INDEX . . . ' .. . .. . .. 425 


SUBJECT INDEX 


433 



RECENT ADVANCES IN 
ORGANIC CHEMISTRY 

CHAWEE I 

ORGANIC CHEMISTRY IN THE TWENTIETH CENTURY 

Iisr the form in which it exists to-day, organic chemistry may 
be said to take its root in the work of Frankland ^ at the middle 
of last century. Once the doctrine of the constancy of valency 
was accepted, the way was open for Couper ^ and Kekule ® 
to bring order into the vast mass of material which had been 
accumulated in earlier times ; while, later, van’t Hoff^ and Le 
Bel ^ carried the ideas of molecular arrangement out of two 
dimensions into three and laid the foundation of our present 
views. Following in the track of these pioneers, the chemists 
of the latter half of the nineteenth century rapidly developed 
the theoretical side of the subject ; while, on the other hand, 
the modern formulae lent to synthetical work a certainty which 
had previously been unknown. 

Despite the Briarean efforts of the synthetic school, it is safe 
to say that the latter half of the nineteenth century wilk be 
regarded as a time when theoretical speculation played the 
main part in the development of the subject. Of the hundred 
thousand organic compounds prepared during that time, the 
majority were still-born and their epitaphs are inscribed in 
Beilstein's Handbook. Compared with the great clarifying 
process which laid the basis of our modern views, they weigh 
but little in the balance. 

1 Frankland, Phil, Trans,, 1852, 142, 417. 

- Couper, Phil, Mag,, 1858, iv., 16, 104. 

3 Kekule, Annalen, 1866, 137, 129. 

^ van’t Hoff, Voorslell tot uiibr aiding der structuur formulas in de ruimte 
(1874). 
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ADVANCES IN ORGANIC chemistry 

The new century opened under different auspices. At first 
It seemed as though the discoveries in electronic physics would 
have their reaction upon our structural views ; but though 
several attempts i had been made in this region of the subiect 
organic cheimsts in general did not welcome them with any^ 
thing like whole-hearted encouragement. There was a feelin"^ 
apparently, that in abandoning the usual structural formula 
and replacing them by electronic symbols the subject was being 

complicated mstead of simplified. 

_ During the last fifty years the flood of synthetic material 
principally from the German laboratories, has tended to obscure 
the genesis of what we still, out of respect for tradition term 
orgame chemistry. In its early days L science 
to the study of compounds produced by natural methods in 
plants and animals; and it is interesting to find that during 
the new century a return has been made to the older field. ^ 
The twentieth century was hardly begun, when in 1903 
Komppa devised a synthesis of camphor, alid thus cleared ^up 
a problem which had engaged the attention of many invests * 
gte. Later came the work of Perkin and his sckool in tio ' 

bnS,efofTe%y“ 

In the alkaloid series great strides have been made, both 
of “ devising synthetic methods 

of SnTs T/ft f tie examination 

JmeX .;te “““ « 

mo.? wiich looma betind 

to and? w To r complicated strnc- 

res and it was only by breaking up their molecules into 

we could 

hope to determme the constitution of the parent substance. 
iTi 5 1909, 30, 179 ; J. Aimer. 

Pali and Nelsoa.’iJid., 1910 32 tSlO’; 

1041 ; Noyes ibid 1912 p 1140; Nalk, ibid., 1912^ 34 

joaa; 

1911, 76. 385, 398, 501; 1912, 80 29 ign’ sf cs- /m m 

1908, 5, ik 1909 6 19- 
ZemK 1912, 13, 585 ; G. N. Le/ria. fLL 
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The first step in this direction was evidently to obtain and 
identify readily purifiable carbohydrate derivatives such as 
methyl ethers, acetyl derivatives, etc. Then by methylating 
or acetylating celluloses themselves previous to breaking them 
up, it is possible to recognize among the decomposition products 
certain well-defined fragments which permit of guesses being 
made at the structure of the original molecule. This method in 
the hands of Purdie, Irvine and their collaborators gave us the 
key to the constitution of cotton cellulose ; and with the road 
open, it was not unreasonable to expect a rapid increase in our 
knowledge of this field. 

Much more complicated is the riddle of the protein molecules. 
Although there is a surface similarity between proteins and 
celluloses owing to the fact that both molecular tjrpes are liable 
to fission under the action of hydrolysing agents, the decom- 
position products of the proteins are far more complex than 
those resulting from the break-down of celluloses. Fischer’s 
work on the polypeptides has been a first step towards a more 
exact knowledge of the protein constitutions ; but it is a very 
short step on a very long road. 

The methods devised by Fischer in his investigation of the 
polypeptides served him later in his researches on the tannins. f 
In 1912, he put forward the view that the natural tannins were 
fully esterified glucoses in which digalloyl nuclei replaced the 
hydrogen atoms of hydroxyl groups ; and this conception of 
the tannin structure was justified by his synthesis of penta- 
(w-digalloyl)-p-glucose, which closely resembles Chinese tannin 
in its properties. It must not be too hastily assumed, however, 
that Fischer’s researches have furnished a key to the structure 
of all classes of tannins. 

Turning to natural pigments, it will be found that the present 
century has seen a great advance in our knowledge. Kostanecki’s 
researches on the flavone derivatives established the constitutions 
of many of the natural dyes. Willstatter’s and Fischer’s work 
- on chlorophyll $ has given us insight into the nature of that 
substance, whilst in the field of flower pigments Willstatter has 
established the general character of the anthocyanins § and 
has practically reduced future work to a stereotyped line. 

* See Chapter II. f See Chapter XI 

X See Chapter V., Vol. III. § See Chapter X. 
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The examination of the colouring matters of the blood * and 
of the bile * has opened up yet another branch of pure “ organic 
chemistry ” ; and the parallelism established between hfpmm 
and chlorophyll suggests most interesting reflections as to the 
origin of these two natural substances which play so great a 
part in animal and vegetable economy. 

So^ much for the effects of a return to the original aims of 
organic chemistry. When the purely synthetic side of the 
subject is exammed, it must be admitted that, with some notable 
exceptions, the results are of much less general interest. Of 
new compounds there is no lack, certainly ; but there is a distinct 
dearth of interesting materials. One or two examples may be 
given here of substances which have an interest for chemists 
otner than the mere specialist. 

The discovery of the ketens by Staudinger brought to 
light a completely fresh class of substances of remarkable 
reactivdy, and the problem of the relative activities of 
the carbonyl and ethylenic bonds in these compounds promises 
eventually to throw light upon some aspects of chemical 
linkages. Work in the field of the ketens has also clarified 

dSvftivL^'^^ aliphatic diaxene 

By far the most interesting set of compounds prepared in the 
last quarter of a century has been the derivatives of various 
e ements in a state of abnormal valency. Gomberg’s triphenyl- 
methyl seemed at first likely to remain without a parallel ; but 
in recent times a perfect flood of abnormalities has been let loose 
by further investigation. The aryl derivatives of the alkali 
metals, the metal-ketyls,t the tri-aryl-methyl series, to name only 
ew, ave forced upon the notice of chemists the fact that the 
old and apparently weU-tried dogma of the permanent quadriva- 
ence of carbon is in a very shaky condition. By the researches 
these and allied fields,J carbon has been definitely ranked 
among the lonogenic elements; and the way was made open for 

on riSZis • 

On the techmcal side organic chemists have not been idle. 

The great dye industry pours out its flood of colour ; and although 

* See Chapter V.. Vol. m ^ See Chapter XIII., Vol. III. 

t See Chapter XIV., Vol. III. 
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as a general rule its products liave a commercial rather than a 
scientific interest, two classes deserve notice here. 

Yat dyes are those which, like indigo, are almost insoluble 
in vrater, but yield on reduction leuco-compounds soluble in 
alkali. The actual dyeing process is carried out by impregnating 
the fabric with the leuco-compound and then allowing or forcing 
oxidation to take place. The earliest example of the anthra- 
quinone vat dyes, indanthrene, was produced in 1901. It is 
prepared by fusing 2~amino-anthraquinone with alkali, or by 
condensing l-amino-anthraquinone with itself : — 





NH 


NH 



Indantlirene. 


'^\/\co/\/' 


To the same class belongs flavanthrene 

✓\/“x/\. 



N\/\/0\/\ 


\/\Qo/\y 


Flavanthrene 


which can be produced by heating 2~aminO"anthraqumone 
* with alkali to a temperature higher than that required to form 
indanthrene. Indanthrene is a valuable dye-stuif of greater 
stability than indigo ; whilst flavant^^^ though giving a 
blue vat, dyes cotton yellow. 

Another class of anthraquinone vat dyes are the acyl deriva- 
tives of amino-anthraquinones. For the most part these are 
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SrnnTJT*' “ “ottraqnW-imines 

their comtitutio™ to 

in ihJi*M fcovered the thio-analogue of indi.o 

m which the two imiM groups are replaced by sulphur atoms” ■ 

^XTsii »oo “Othod of 


Diazotize. 

ICOOS TlffiTCH^OOOH 



CH.COOH 


-S\ 

II I CH, 
\y\coX 

Thio-Indoxyl. 


\/S\ 


\co/\/ 

Thio-indigo. 


Axxiw-muigo, 

Thio-indigo imparts a reddish-violet colour to the fabric ar,,! 


\ 

II I C=C 
\/\co/ 


and 


C = c NH 


Violet A. 


. Scarlet. ■■ , 

/Y«\ 

' S'riedlSnder, Ser., 1906, 39, 1060. 
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Sjmthetic drags have been produced in large numbers in 
recent years. Of these one of the most important is salvarsan or 
606 which is dihydroxy-diamino-arsenobenzene-dihydrochloride. 
It has been used with success to kill the spirochsete which pro- 
duces syphilis, though, of course, it has no effect in repairing 
the ravages already caused by the disease if treatment has been 
delayed. Modifications of salvarsan now largely in use are neo- 
arsphenamine and sulpharsphenamine, the formaldehyde-siilph- 
oxylate and formaldehyde-bisulphite derivatives respectively. 
Another organic arsenic derivative employed is atoxyl (also known 
as arsamin or soamin) which is the mono-sodium salt of p-amino- 
phenyharsenic acid. It is chiefly utilized in cases of sleeping sick- 
ness. Both drugs, if used incautiously, may produce blindness. 

The application of sulphanilamide, prontosil, and their con- 
geners in chemotherapy is claimed, not unjustly, as marking one of 
the most important advances in chemical warfare against disease. 
The formulae of three principal members of the group are these : 

Sulphanilamide ^ 802 * NHg 


Prontosil 


Prontosil S 


NH2 



By using sulphanilamide, many successful results have been 
observed in cases of diseases produced by gonococci, meningo- 
cocci, pneumococci, and staphylococci. Improvement has also 
been noted in patients suffering from gas gangrene, typhoid 
fever, undulant fever, and some affections of the skin. It is, 
however, too early yet to expect unanimous agreement about 
these drugs, for unfortunately their use is not altogether devoid 
' of risk, since in certain cases toxic effects have been observed. 
The pyridine derivative known as M, & B. 693 or T. 693 has 
the following structure - 
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Tliis lias yielded valuable results in cases of broncbo- and lobar- 
pneumonia, pneumococcal meningitis and gonorrhoea. Curiously 
enough, piontosil showed a high bactericidal action in vivo 
whereas experiments in vitro yielded poor results. The reason 
for this is found in the discovery^ that in the animal body 
prontosil is decomposed and sulphanilamide is produced, which 
suggests that the latter is the real active agent. In certain 
cases, the so-called Diseptals, A, B, and C, have been found to 
be better than some of the prontosil derivatives. The formulse 
for these compounds are: 

DiseptalA — 

NHg . . SO2 . NH . . SO^ . ^(CHs)^ ; 

DiseptalB— 

NHg . CgH^ . SO2 . NH . CgH^ . SO^ . NH . CHg ; 

andDiseptalCjtheparentsubstance— 

NHa . CeH^ . SO2 , NH . CeH, . SO2 . NHg. 

The curtain of secrecy which surrounds chemical work on 
penicillin has been partially raised. Several penicillins have 
been isolated, and the general structure (I.) is considered to 
explain satisfactorily the known facts. 

-CH— NH— C— 

II 

0 

0=0 

(I.) 

The study of the products of acid and alkaline hydrolysis of the 
penicillins has yielded important constitutional information. By 

CH3 

acid hydrolysis pp-di-methylcysteine, H.S — G CH— COOH, 

I I 

CH3 NH3 

^ Fuller, Lancet^ 1937, 232, 194, 

^ U represents the A^-pentenyl (in penicillin I. or F), benzyl (in penicillin 
n or 0), ^-hydrosybenzyl (in penicillin III. or X) or w-iieptyi (in penicillin K) 
group. 


CH3\/ 

c 

CH, 


/S- 


-CH- 


CH- 


-N- 


COOH 
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and hexenoylaminoacetaldeliyde, G 5 H 9 — CO— NH— OHj — CHO, 
have been obtained from penicillin I., and pbenylacetylamino- 
aeetaldebyde, CgHg— CH 3 — CO— NH— CHa— CHO, from peni- 
cillin II. Alkaline hydrolysis gave rise to penicilloic acids, 
which have been shown by s 3 mthesis to be thiazolidines of the 
general structure (II.) 

S CH— CH— NH— C— E 

C 

I 

COOH (II.) 

Other reactions and X-ray examination support this structural 
arrangement for the penicillins. 

Numerous new local anesthetics are now known, such as . 
stovaine, novocaine, and p-eucaine, and the simpler compounds 
ethylene and ethyl chloride are used as general anesthetics. 
A mixture of ethylene and oxygen containing 80 to 90 per cent, 
of the former has proved a valuable anesthetic for most major 
operations. Adrenaline has been synthesized; and the con- 
stituents of ergot are now manufactured for pharmaceutical 
purposes. 

In the field of simple mono-heterocyclic compounds, a 
considerable extension of our knowledge has been made ; and at 
the present time the catalogue of elements which can play their 
part as members of ring-compounds is large compared with the 
list of three— oxygen, sulphur, and nitrogen— which originally 
represented the limit of our knowledge in this branch. 

Mercury yields a remarkable twelve-membered ring ^ 

CHa— CHo— CHg— CHg— CHg 

I “ I 

Hg Hg 

I I 

CHa— CH^— CH2-GH2— CHa 

by the action of 1, 5-dibromopentane on sodium amalgam. 
Curiously enough, the six-membered compound containing one 
mercury atom in the ring was not obtained in this reaction. By 
^ Hilpert and Griittner, , 1914, 47, 186, 


COOH 


0 


H 


CHax/ 
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action on silicon chloride with a Grignard reagent prepared from 
1, 5-dibromopentane and subjecting the dichloro-derivative thus 
formed to the action of methyl-magnesium bromide, it is possible 
to obtain the six-membered ring (I.). The analogous tin and 
lead compounds (II.) and (III.) are obtained by the direct action 
of the Grignard reagent on diethyl-tin dichloridei and diethyl- 
lead dibromide. ^ 


^CHa-CH. 

CH, bSi 




/ \ OH2 NSn/ CHa 

(I-) (II.) (in.) 

In parallel with nitrogen, the elements phosphorus,^ arsenic,^ 
antimony ^ and bismuth ® have now been found capable of yield- 
ing ring-compounds of the type : 

/CH3-CH3 

CHa >X-CeH5 

\ch,-ch/ 

wherein X represents the atom of the trivalent element. In each 
case the mode of preparation is by the action of the phenyl- 
dichloro-derivative of the element upon a Grignard reagent 
prepared from 1, 5-dibromopentane. The selenium analogue of 
thiophen has been obtained ^ ; and tellurium is now known as a 
ring-member.® Finally iodine has been found acting as a ring- 
member in diphenyl-iodonium hydroxide®; and Collie and 

OH 


^Sn 




\pb/ 


.C,H, 


/\/\/\ 




^ Griittner, Krause and Wiernik, Ber., 1917, 50, 1549 
2 Gruttner and Krause, Ber., 1916, 49, 2666. 

® Griittner and Wiernik, Ber., 1915, 48, 1473. 

^ 1915, 48, 1479. ^ g 

Fan, fejete 1909, 39, II., 527 ; compare Briscoe and Pee!, J., 1928, 174l' 
Morgan and Drew, J.. 1920, 117 , 1456 ; 1924, 125 , 731, 1601 • Mor^n and 
Burgess, J., I9w8, 321 ; Drew, J., 1926, 223 ; Drew and Thomason, }., 192'7, 116 

1912, 427^101 ri9l1 43,’ 
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Eeilly by the action of iodine on the barium salt of diacetyl- 
acetone, have obtained a compound which appears to have the 
following structure (I.) : 


/X 

CH,.CO.CH CH 


HO.C CO 


CH 

(I-) 


H OH* 



CH3.CO.CH CH 

I i 

HO.C CO 

\/ 

CH 

(II.) 


It is interesting to note tliat this last substance in aqueous 
solution is strongly acidic, which differentiates it sharply from 
all previous alkyl derivatives of iodine. This is probably due to 
the formation of the hydrated form (II.) in which there is a double 
bond in the 3 : 4-position to the acidic hydrogen marked with the 
asterisk, as is required by the Vorlander Eule. 

On the theoretical side of organic chemistry, to which we 
must now turn, Thiele’s views on valency exerted a considerable 
influence during the century. It is very seldom that any theory 
is accepted immediately after being published ; usually a con- 
siderable time is required during which the chemical world 
assimilates the author’s views in a more or less unconscious 
manner, until some day they find their way into text-books. 
It is a remarkable tribute to the value of Thiele’s partial valency 
theory that it became a classic almost as soon as it was published. 

From the Thiele theory we may pass to the problem of 
benzene, since the two questions hinge upon one another at 
some points. During the last twenty years, the constitution 
of benzene has been discussed from almost every possible stand- 
point, and we are certainly not less wise than when the dis- 
• cussion began. Whether we are wiser is a more doubtful matter. 
Certainly much can be learned from the arguments adduced by 
the various writers who have dealt with the subject ; and a 
perusal of the polemic is by no means a waste of time. The 
benzene problem in its present condition might well be described 

^ Collie and Reilly, J., 1921, 119, 1550. 
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in the words used by some one to define Philosophy ; “ It is a 
subject in which the conclusion reached is of less importance 
than the means by which that conclusion is attained.” 

Linked with the problem of the constitution of benzene is 
another, which deals with the orientation of substituents in the 
benzene ring and the apparent directing influence which certain 
substituents exert upon the position taken up by a fresh incoming 
substituent.^ This problem in turn has been brought into 
relationship with hypotheses with regard to the polarity of atoms 
in chains. 

Passing to other subjects, intramolecular change must be 
mentioned, as in this region much work of first-class importance 
has been carried out since the beginning of the century. It 
would lead us too far were we to enter into any general dis- 
cussion of the problem ; but one or two examples must be given. 

The most striking of these is the discovery by Hantzsch of 
a new class of electrolytes which have been named pseudo-acids 
and pseudo-bases.* Previous to his work, the electrolytes 
known^ to us might be grouped under the four following heads : 
(1) -Icids, which give rise to hydrogen ions; (2) Bases, which 
yield hydroxyl ions ; (3) Salts, which dissociate into acidic 
and basic ions; and (4) Amphoteric electrolytes, which are 
capable of produciag either hydrogen or hydroxyl ions accord- 
ing to the experimental conditions employed. 

Now when an acid solution is neutralized by mpang of a 
base, the solution is acidic at the beginning and remains acidic 
all through the titration until the neutralization-point is reached. 
On the other hand, if we start with a solution of nitromethane, 
it is neutral in reaction ; and yet if we slowly add to it a solution 
of sodium hydroxide, the solution does not become alkahne at 
once.^ In fact, we may have to add a considerable quantity of 
alkali before the nerf drop produces an alkaline reaction in 
e liquid. Clearly nitromethane is a neutral substance which 
given Ume, c&n exhibit acidic properties in presence of alkfll/ 

IS this slow neutralization which distinguishes it from a true ' 


^ For information on the subject, see Holieman, Die direkte EinfvhniT,^ 

® Stewart’s Physico-chemical 
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WitiLOut going into the details of the evidence, it may be 
said that intramolecular change is the governing factor in the 
problem. True nitromethane is not acidic; but in presence 
of bases it may change into an isomeric body, the aci-form, 
which possesses a hydrogen capable of being replaced by alkali ; 
so that the reaction may be represented by the following 
scheme 

CH3— NC ^ CH,=N< 

% \0H 

Normal form. Aci-form. 

The slowness with which nitromethane neutralizes alkalis is 
obviously due to the fact that the intramolecular change from 
the normal to the aci-form is not instantaneous, but requires 
time for its accomplishment. 

The discovery of the pseudo-acids resulted in the collapse of 
Ostwald’s hypothesis as to the nature of indicators. Ostwald ^ 
assumed that indicators underwent a change of colour when 
dissociated into their ions. Thus undissociated phenolphtha- 
lein, in his view, was colourless ; but .when converted into the 
easily dissociable sodium salt it broke down into ions which 
were red in colour. By adding acid to the alkaline solution, 
the dissociation of the phenolphthalein was restricted ; and 
hence the colour disappeared. Stieglitz ^ suggested, on the 
other hand, that the production pf the colour was due to intra- 
molecular change in the phenolphthalein molecule ; and 
Hantzsch ® confirmed this, showing that phenolphthalein, for 
example, changes from the benzenoid to the quinonoid structure 
under the influence of alkali. 

In connection with intramolecular change the case of tetra- 
nitromethane may be mentioned.^ Under normal circumstances, 
this substance appears to exist in the pure '' nitro ’’ form (I.), but 
in presence of amines or alkyl sulphides it seems slowly to be 
converted into trinitro-nitrito-methane (II.), as it gives exactly 

^ Ostwald, Die wissenscliaftUchen Grundlagen der analytischen Chemie 
(1894). 

2 Stieglitz, J. Amer. Chem. Soc., 1903, 25, 112. 

® Hantzsch, Her., 1906, 39, 1090. 

* Harper and Macbeth, T., 1915, 107, 87 ; Macbeth, ihid.^ 1824. 
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tlie same colour reactions as are observed in tbe case of alkyl 
nitrites : — 


O2N, 


0,N 


\c<^ 


O 2 N, \,0.]Sr:0 


r/ 


'NOo 


-NO, 

>C< 

(I.) (II.) 

Titis case seems to be a half-way stage towards pseudo-acid 

formation. 

Some of the most surprising results obtained in recent years 
in the field of isomeric change are those due to Thorpe and his 
collaborators.! Glutaconic acid is known in only one form, 
though theoretically it should exist in the two stereoisomeric 
modifications whose formulfe are shown below : 

H— C— COOH HOOC— C— H 

H— C—CHa . COOH H— C— CHa . COOH 

Stin more strange is the fact that when an a-alkylglutaconic 
acid IS prepared, it is found to be identical with y-alkylgluta- 
comc acid ; and a-methyl-y-ethylglutaconic acid is identical 
with y-metliyl-a-ethylglutaconic acid. 

HOOO-CHR-CH=CH-GOOH ^ 

> HOOC-CHa-CH=CR-COOH 

HOOC-CHMe-CH:=CEt-COOH <— identical 

> HOOC-CHEt-CH=CMe-COOH 

In order to account for these facts, it is assumed that the con- 
stitution of glutaconic acid is best represented by some formula 
such as this ; ^ ^ ^ ^ ^ ^ ^ ^ 

H H 


H 

HOOC-7C\^^^C^COOH 


H 
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wherein the hydrogen atom printed in heavy type is regarded as 
a mobile atom in equilibrium between the two unsaturated carbon 
atoms — a return to Laar^s views on tautomerism. If the formula 
be written with free valencies as a stereo-formula, ^t is assumed 
to take the following shape : 

COOH 


H— C— H 

I 

— G-H 

I 

COOH 

which corresponds to a mc50-form. 

Now if this view be correct, then theoretically an acid of 
the glutaconic series should exist in three modifications : a 
m-form, a trans-form, and a normal form indicated by the free- 
valency structure shown above. In practice, j3-phenyl-a-methyl- 
glutaconic acid has actually been obtained in three forms to 
which the following formulae have been ascribed : 

'■ 1 / . 

CHg—C— COOH CHg— C—COOH CH3— C— COOH 

II I ‘ II 

HOOC— GHa—C— O^Hs CgH^— CH— CH.COOH OgHs— C— CH^.GOOH 

Trans-labile Acid. Normal form. Cis-labile Acid. 

These results have led to interesting investigations on the problem 
of three-carbon systems by Thorpe, Ingold, and others ; but 
space will not permit of any further examination of the subject 
in this place. 

At this point something must be said about the progress 
of stereochemistry**'; for after a period of comparative 
. quiescence, this branch of the subject began again to develop 
rapidly into fresh fields ; and even in recent times new 
discoveries have shown that it is by no means an exhausted 
"■■■■vein' of research.' ■ 

* For a general account of this subject, Stewart’s Stereoch$ 7 nietry may be 
consulted. 
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In 1899 the only two elenaents known to be capable of forming 
asymmetric centres of optical activity were carbon and nitrogen ; 
but since then the list has been greatly increased by the addition 
of sulphur, selenium , 2 tin,® silicon,^ phosphorus,® arsenic,® 
cobalt,’ chromium,® rhodium,® and irond® 

The whole question of molecular symmetry was raised by 
a paper of Perkin, Pope and Wallach describing the resolu- 
tion into optically active components of an acid having the 
following structure : — 


CH 3 ^ ch, 

X 


-OH. H 

)c=c<( 

Bf XOOH 

It will be recalled that in one of bis earliest publications on 
stereochemistry, van’t Hoff pointed out that optical activity 
might be expected in compounds of the type : 



owing to the fact that, although there is no asymmetric carbon 
atom in the molecule, the groups Ri, Rg, Rg, and R 4 are tetra- 
hedrally grouped in space, as can easily be seen by considering 
the arrangements of bonds around the central carbon atom on 
the van’t Hoff hypothesis. The one double bond lies in the 
plane of the paper, whilst the other must be at right angles to 
the paper ; and hence a similar grouping of R^ and Rg in the 
plane of the paper and Rg and R 4 above and below the plane of 
the paper must exist. The cyclic compound shown above 
belongs to the same type, since in its case the ring takes the 
place of one of the double bonds. 


^ Smiles, J,, 1900, 77, 1174 ; Pope and Peachey, ibid,, 1072 ; Phillips, 
1925, 127, 2552. 

“ Pope and l^eviile, J,, 1900, 81, 1552. 

® Pope and Peachey, A, 1900, 16, 42, 116. 

« Kipping, J., 1907, 91, 209. 

® Kipping and Challenger, J., 1911, 99, 626 ; Meisenheimer and Lichten- 
stadt, Ber,, 1911, 44, 356. 

® Mills and Paper, J., 1925, 127, 2479 ; compare Burrows and Turner, J., 
1921, 119, 426. 

^ Werner, Ber,, 19X1, 44, 1887. « Ibid,, 3231. 

« Ibid., 1912, 45, 1228. lo Ibid., 433. 

Perkin, Pope and Wallach, J,, 1909, 95, 1785; compare Perkin and 
Pope, J., 1911, 99, 1510; Mann and Pope, /. Boo. Ghem. Ind., 1925, 44, 833. 
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The claim that this substance contained no asymmetric 
carbon atom was contested^ on the ground that the carbon 
atom carrying the methyl group is really asymmetrical if the 
structure of the rest of the molecule be taken into considera- 
tion. The matter seems to be one depending upon the inter- 
pretation given to the term “ asymmetric carbon atom ’’ ; and 
the reader may form his own judgment on the question. 

New methods of resolving racemic compounds into their 
antipodes have been devised. Some of these present nothing 
essentially novel in conception.^ 

Much more original was the method devised by Marckwald 
and Meth,^ which depends upon the difference in rapidity of 
amide formation between an active amine and the cT and Z-forms 
of an active acid. Thus when racemic mandelic acid was heated 
with Isevo-menthylamine, it was found that the acid left unacted 
upon after the process had gone on for ten hours was optically 
active. This method is based on the same line of reasoning as 
the method of Marckwald and McKenzie,^ who showed that when 
racemic mandelic acid is esterified with menthol the reaction 
* between the menthol and the d-form is more rapid than is the 
case with the Z-acid ; so that by interrupting the process before the 
acid is completely esterified the residual acid is optically active. 

A fresh field was opened up by Marckwald ^ in the accom- 
plishment of the first asymmetric synthesis of an optically 
active substance. In an asymmetric synthesis, an optically 
active compound is taken as the starting-point. To this an 
extra radicle is added, so as to form a new asjunmetric carbon 
atom. The original optically active portion of the molecule is 
then split off ; and if the synthesis is successful, the remainder 
of the substance, containing the new asymmetric carbon atom, 
will be optically active. For example, Marckwald utilized 
methyl-ethyl-malonic acid (I.) which contains no asymmetric 
carbon atom. He combined this with optically active brucine, 
thus introducing as3nmmetry into the molecule (II.). Now 
on heating this compound, carbon dioxide is split off forming 

i Everest, Ohem. Mews, 1909, 100, 295; P., 1911, 27, 285; Marsh, P., 
1911, 27, 317 ; Smith, J, 80 c, Chem. Ind., 1925, 44, 1107. 

® Erienmeyer, jun., Pen, 19G3, 36, 976 ; Neuberg, Pen, 1903, 36, 1192. 

® Marckwald and Meth, Pen, 1905, 38, 801. 

^ Marckwald and McKenzie, Pen, 1899, 32, 2130. 

® Marckwald, Pen, 1904, 37, 349, 1368, 4696. 
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(III.), a compound whicli contains a new asymmetric carbon 
atom. Under the influence of the active brucine, a preference 
is given to one active form over the other during this process ; 
and when the brucine is split off again, the acid remaining (IV.) 


OH. 


C2H5 


X 

(I.) 


,COOH 


COOH 


CH. 


C,H 


X 


COOH 


'2JLX5 


COOBracine, 

(II.) 


CH, 


C2H5 


CH3 H 


C,H 




2-^^5 


COOH 


(IV.) 


5 COOBrucine. 

(Ill) 

is found to be optically active. 

In tbe whole field of stereochemistry no more puzzling 
phenomena are known than those grouped under the head of 
the Walden Inversion ; and at the present day we still await 
a solution of the problem. The data are so complicated that' 
it would be impossible to deal with them fully here : all that ^ 
can be done is to indicate the nature of the question.^ 

Walden^ observed that when certain optically active com- 
pounds were treated with non-asymmetrical reagents the sign of 
the rotatory power was altered in some cases, dextro-compounds 
being converted into Isevo-isomers without any marked racemiza- 
tion being observed. The following scheme shows some of these 
conversions ; and it will be seen that Isevo-malic acid, for instance, 
can be changed into dextro-malic acid by the successive use of 
phosphorus pentachloride and silver oxide ; whilst the converse 
change of dextro-malic acid into the leevo-isomer can be accom- 
plished by the use of the same reagents in the same order : 

KOH 


l-Ghlorosuccinic acid 
1-Aspartic acid 

1-Malic acid 


pcu 


■■ d-Malic acid' 

Ag^O^ 

d-Chlorosuccinic acid 


KOH 


^ For further details and references, see Ann, Reports, lOli, 1912, 1926, 1929, 
and Stewart, Stereochemistry (2nd edition), 

2 Walden, Ber., 1893, 26, 213 ; 1895, 28, 1287, 2771 ; 1897, 30, 3146 ; 1899 
32, 1833, 1855. 
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Another mysterious case is that of dextro-alanine and its 
ester. ^ When d-alanine is treated with nitrosyl bromidCj it 
produces Z-a-bromopropionic acid ; whilst d-alanine esterj 
when subjected to the action of nitrosyl bromide and subse- 
quent hydrolysis, yields the corresponding antipode, d-a-bromo- 
propionic acid : 

Bextro-alanine NHg . CH(CHg) . COOH — JSTOBr > LjBvo-a-propiomc acid. 

XOBr and 

Dextro-alanine ester NHo .CH(CH«) .COOEt > Dextro-a-propionio acid. 

hydrolysis 

Again, when silver oxide acts upon an a-halogen fatty acid 
and upon the product obtained by coupling this acid with 
glycine,^ the results are optically different : 


OHs. CHBr. COOH Ag^O ^ i-CHg. CH(OH) . COOH 

OH 3 .CHBr.CO.NH.GH 2 .COOH —AggO and hydrolysis-^ 

^CH3.CH(0H).C00H 


The case of Z-a-hydroxy-a-phenylpropionic acid is interesting. 
When this substance is treated with phosphorus pentachloride 
it yields a d-chloro-acid ; whilst when thionyl chloride is used, 
there is no change of rotatory power, the J-chloro-acid being 
formed : 


OeHs, 


Lsevo 


CH, 


>C 


OH 


POL 


COOH 


—> Dextro 
Lsevo 


SOCL 



Senter and his collaborators^ have thrown light upon the 
matter from a different direction by examining the influence 
of the solvent on the course of the reaction. In the case of 
optically active bromophenylacetic acid, CgH^ . CHBr . COOH, 
they have shown that if this be allowed to react with ammonia 
in aqueous or alcoholic solution, the amino-acid formed has a 
•sign opposite to that of the original bromo-compound : whilst 


^ Fischer, Ben, 1907, 40, 489. 

^ Ibid.I 502 ; Fischer and Raske, ibid,, 1052 ; Fischer and Schoeller, 
Amalen.im.Ml.n, ■ ' . 

3 McKenzie and Clough, J., 1910, 97, 1016, 2566. 

Senter and Drew, J., 1915, 107, 638 ; 1916, 109, 1091 ; Senter and 
Tucker, J., 1918, 113, 140; Senter, Drew# and Martin, ibid., 151. 
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if tlie solvent be liquid ammonia or acetonitrile^ tlie sign of tlie 
rotatory power is not reversed by the reaction. Imino-diphenyl- 
acetic acid is formed to some extent during the reaction. When 
a-bromo-p-phenylpropionic acid, CgH5. CH2.CHBr. COOH, is 
treated with ammonia in various solvents, some cinnamic acid 
is always produced. 

Finally, the amine oxide containing pentavalent nitrogen 
may be mentioned. Compounds of the type methyl ethyl 
aniline oxide (CH3){C2H5)(CgH5)N : 0 can be resolved into two 
optically active isomers in spite of the presence of doubly bound 
oxygen in the molecule.^ It is well known that the five nitrogen 
valencies in ammonium compounds are not all equal, the valency 
holding an ionizable group being considered to occupy a unique 
position. In the amine oxides containing three different radicles 
it is assumed that one of the oxygen bonds is that which 
previously held an ionizable group. 

One of the most complicated problems in the stereochemical 
field is that which concerns the numerical value of optical rota- 
tory power. Two subsidiary questions are here involved: 
first, the influence of the active compound’s structure ; and 
second, the effect of the solvent in which it may be dissolved. 
With regard to the first of these we are still apparently far 
from any satisfactory conclusion, though many facts have been 
accumulated by various investigators. Certain rough generaliza- 
tions with regard to the effect of introducing double or triple 
bonds in place of single linkages have been made ; but we are 
still far from the time when it may be possible to assess the 
approximate numerical value of the rotatory power from an 
examination of the active compound’s constitution, as we can 
do in the case of refractive indices. 

With regard to spatial relations which do not produce optical 
activity, the most far-reaching work is that of Bragg on the 
X-ray examination of crystal structure ; but it would lead us 
too far if we were to attempt to summarize his results here. 

The Hantzsch- Werner theory of c^s-^ra9^5-isome^ism in the* 
oximes has been put to a crucial test from which it has emerged 
intact. Examination of the formula of the oxime of cyclo- 
hexanone- 4 -carboxylic acid, which is shown below, will reveal 

^ Meisenheimer, Ber„ 1908, 41, 3966,* Annalen, 1911, 385, 117; 1913, 
397, 273 ; 399, 371 ; 1922, 428, 252 ; 1926, 449, 191. 
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at once that this structure is a symmetrical one if the oximic 
hydroxyl group lies in a straight line with the axis of the — C=N— 
bond. 

H CH 3 -CH. 

\C<( >C=N— OH 

HOOC^ ^CHg— CH/ 

On the other hand, if the oximic hydroxyl group lies to one side 
or other of the axis of the — C=N- — bond (as is demanded by 
the Hantzsch- Werner theory), then the molecule becomes 
centro-asymmetrical and should be obtainable in optically 
active forms. A resolution of this acid into its optical anti- 
podes was carried out successfully by Mills and Bain ^ ; and 
thus the Hantzsch-Werner theory has received its most 
striking confirmation. Simultaneously, however, grave doubt 
has been thrown ^ on the applicability of some of the methods 
hitherto used in the determination of the configurations of 
the oximes. 

In 1885, Baeyer 3 put forward his well-known Strain Theory 
based upon the assumption that the valencies of a carbon atom 
normally acted at angles of 109° 28' with each other but could 
be diverted during the formation of rings ; and that the devia- 
tion required to form the cyclic grouping was a measure of the 
difficulty of forming the ring-compound.* Since substitution 
is known to have marked influence on the stability of rings,® 
it was evident that it also was a factor in stability questions. 
An important study of this field has been carried out by Thorpe 
and his collaborators.® The data furnished by them are far 

^ Mills and Bain, «/., 1910, 97, 1866 ; see also Mills and Schindlex', J., 1923, 
123, 212.' 

^ 'EuQhBTQt, Lelirbuch d» Farbenchemie, 202 (1914) ; Meisenheimer, 
Ber., 1921, 54, 3206 ; Meisenheimer and Meis, Ber., 1924, 57, 289; Anwers 
and others, Ber., 1924, 57, 446, 800 ; 1925,- 58, 26, 36 ; Brady and Bishop, 
t/., 1925, 127, 1357 ; Beckmann and others, Ber., 1923, 56, 341 ; Meisenheimer 
and others, 1925, 444, 94 ; Knhn and Abel, Ben, 1925, 68, 919, 2088 ; 

Boeseken,' Ben, 1925, „ 58, 1470. 

s Baeyer, Ben, 1885, 18, 2277.' 

For some account of the application of the Strain Theory, see Stewart, 
Siereochemistry, 175 (1919). 

^ See Ste^Y^a,vt, Stereochemistry y -p. 203 (1919). 

« Beesiey, Ingold and Thorpe, 1915, 107, 1080 ; Ingold and Thorpe, 
J.y 1919, 115, 320; Becker and Thorpe, J., 1920, 117, 1579 ; Koa, J., 1921^ 
118, 810 ; compare Kenner and Turner, J., 1911, 89, 2101 ; Kenner, J., 1914, 
105, 2685 ; Ingold, J., 1921, 119, 305. 
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too voluminous to discuss adequately even in a chapter, so only 
a brief account can be given of the results obtained. 

The normal angle made by the sides of a hexagon is 120° ; 
so that in order to form the ring-compound shown below, two 
valencies of the quaternary carbon atom must be diverted from 
their normal position. 


(109® 28' - a;) 

yC 

C 120® (109® 28' - X) 

\c— c/ \c 

(109® 28' - X) 

{a). 


(lor 28' 

yC^Cv y C 

0 120° C (109® 28') 

\c— c/ \G 

(109° 28' -2^) 

Case (6). 


The remaining two valencies of the quaternary carbon atom ^ 
might then be supposed either (a) to distribute themselves evenly 
in space as indicated in Case (a) above, or (b) to remain at the 
normal tetrahedral angle of 109° 28', as shown in Case (6). 
Inspection will show at once that in Case (a) the two carbon 
atoms external to the ring will be nearer together than they 
would be in Case (6), where the normal angle is maintained. 

Now in an open-chain compound, the angles may be assumed 
to be 109° 28'. Therefore by comparing the behaviour of an 
open-chain compound with that of a cyclic compound, it should 
be possible to determine which of the two views is correct. For 
example, if affairs are correctly represented by Case (a), then 
there should be a greater tendency to form the 5_pifo-compound 
(1.) below than there is to form the analogous open-chain com- 
pound (II.) ; whereas if Case (b) represents the true state of 
things, then the removal of hydrogen bromide should be equally 
easy in both reactions. 


/CHg-CH. CHBr . COOK yCH,-CHo, . 
CH, >C< "Wi 

/ \nTT 


\CH,-CH, 


GH,.GOOE 


.GH.GOOE 

i 

GH . GOOE 


(I.) 


E. GHBr.GOOE E 

\q/ 

E^ ^CHa.GOOE ^ E' 


( 11 .) 


GH . GOOE 

i 

OH . GOOE 


Tiiose attached to the two carbon atoms not forming part of the ring. 
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Examination of a large number of examples has now shown that 
the 5|?ifo-compound is much more readily formed than the open- 
chain one, which indicates that Case {a) represents the state of 
affairs better than Case (b ) ; and this is confirmed by, the study 
of the relative stabilities of the fresh rings in the molecule. 

Another problem which attracted a certain amount of atten- 
tion is concerned with what has been termed spatial conjugation. 
It will be recalled that on the hypothesis of the tetrahedral 
arrangement of groups around the carbon atom^ the first carbon 
atom in a straight chain may approximate closely in space to 
the fifth and sixth atoms of the chain. Similarly it is assumed 
on account of various reactions that the 1 : 4 positions of a six- 
membered cyclic compound may also be in some way closely 
related to each other. From an examination of optically active 
salts and esters of dicarboxylic acids in which the carboxyl 
radicles lay at opposite ends of the chain, Hilditch ^ showed that 
when these groups were situated in the 1:5 or 1:6 positions 
with regard to one another, anomalous rotatory powers were 
• observed ; from which it follows that the groups must have 
influenced one another owing to their proximity in space, since 
structurally they are far removed from each other. 

The same problem was attacked in a different way by Clarke. ^ 
He measured the reactivity of atoms in the positions X and Y 
in the formula below, wherein X and Y may be ==NR, — 0— and 
— S— All possible combinations of these groups in pairs were 
investigated :— 

■CH2 

-oh/ 

It was found that when X and Y are atoms capable of raising 
their valency (for example : divalent sulphur, which can become 
quadrivalent, or trivalent nitrogen, which can show penta- 
valence) and may therefore be supposed to be capable of exhibit- 
ing residual affinity, the two atoms X and Y do actually influence 
each other’s reactivities. Further, if X and Y be identical, their 
reactive power is increased ; whereas if X and Y be different 
(for example X=S and Y=0), their activity is diminished. 

A fresh aspect of the question is disclosed when the 
3- Hilditch, J„ 1909, 95, 1578. 2 Clarke, J., 1912, 101, 1788. 
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absorption spectra of stereoisomerides are examined.^ Since 
these compounds are structurally identical, the difference in their 
absorptive power must be ascribed to purely spatial influences. 
It was found that the difference between the absorption spectra 
of two isomerides was greatest when the change from one form 
to the other entailed the relative shifting in space of two un- 
saturated radicles. When this condition was not present the 
differences observed were slight. 

These pieces of evidence, drawn from such widely differing 
fields, certainly point to the probability that spatial conjuga- 
tion is a factor which may play a marked part in certain cases. 

The application of X-ray diffraction methods to the study of 
natural materials has led to interesting results and has markedly 
extended our knowledge of the structures of fibres ^ such as 
ramie, rubber, hair, silk, and wool. The method employed is to 
send a fine X-ray pencil lengthwise through a bundle of parallel 
fibres and to photograph the diffraction pattern thus obtained. 

Three main conclusions have been drawn from the results. 
Fibres may be constructed from molecular chains of fairly simple 
chemical units, which are linked, fore and aft, by ordinary 
valencies. A bundle of these chains goes to form a long, thin, 
sub-microscopic micelle or crystallite; and these crystallites 
may lie with their long axes parallel to the axis of the fibre itself 
(as in the case in ramie, hair, silk, and wool) or may have their 
axes inclined at a constant angle to the axis of the fibre (as in 
cotton fibre). Some fibres, like those of cellulose, silk, stretched 
rubber and stretched hair, may consist of extended molecular 
chains. Others, like unstretched rubber and unstretched hair, 
may contain folded molecular chains. If the stretching process 
be carried to the furthest extent obtainable by unfolding the 
^'curled-up” molecular chains in the fibre, there still remains 
the possibility that the unfolded chains may /' re-curl ’’ when 
the pull on the fibre is removed ; and in this case the structure 
contracts and resumes its original architecture. But if the un- 
folding has been carried to its full possible extent, there is 'a 
further possible mode of lengthening, which takes place by an 
internal slipping among the units of the structure. This last 

^ Macbeth, Stewart, and Wright, J., 1912, 101, 599. 

^ Rot an account of the earlier work in this field, see Astbnry, Fundamentals 
of Fibre Structure 
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process is not reversible like tke “ re-curling of tke molecular 
cbain ; so that fibres thus stretehed do not recover their original 
shorter length but remain extended. 

Let us take the case of natural animal hair. This is built up 
from the protein a-keratin and when it is stretched the structure 
extends by the unfolding of the molecular units and yields the 
P-keratin arrangement, as shown below. The two forms of 
keratin, (a and p), have the same chemical structure and differ 
only in their stereochemical arrangements. 


COn^ yNH— C0> 

RCH CHR RCH 

'^CO ^00 NH( 

./ '^co-che-nh/ 


CHE 


a-Keratin 

(unstTetohed) 


5-lA.U. 

- -> 



CHE 


p -Keratin 
(stretched) 


10-2 A.U. 

< — — - — — 5 ^ 

Even the normal form of a-keratin, present in ordinary hairs, 
does not represent the maximum possible contraction of the 
system ; for it appears that a shrinkage of 50 % can be obtained.^ 

Thus hair fibre can be reduced to half its normal length or 
extended to twice its normal length without dislocation of its 
chemical structure : a behaviour which brings it into the same 
class as indiarubber so far as this quality goes. Further, if a 
stretched hair be exposed to the action of steam, it loses its normal 
power of contraction and remains in the extended condition. 
This phenomenon is the basis of the “ permanent wave ” of the 
hairdresser ; and wool fibres also acquire a “ permanent set ’’ 
under similar treatment. 

Application of the X-ray diffraction method to feathers and 
scales has led to results which bear upon the theory of evolution. 
The fossil archmopteryx, the oldest known bird, had claws on its 
wings, teeth in its jaws, and a lizard-like tail of twenty vertebrae, 
each giving rise to a quill feather. It thus combined in 

^ Astbury and Street, Phil, Trans., lOSl# [A], 230, 75 ; Astbnry and. 
Woods, Nature, 1930, 126, 913. 
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itself the characteristics of a bird and a reptile ; and it is as- 
sumed to represent a link between the two. Until quite recent 
times it was assumed that the keratin of feathers and scales 
was similar to the '' keratin ’’ of hairs. But X-ray diiiraction 
methods ^ have now established that goose-quills and tortoiseshell 
give identical patterns which are entirely different from those 
obtained from animal hairs. This, in a most unexpected way, 
has confirmed the evidence from palaeontology which established 
the natural kinship of the reptiles vdth the birds. It would be 
of considerable interest to know what results can be obtained 
from the keratin of the platypus. 

We now’ come to a subject which lies in the borderland 
between organic and physical chemistry, namely, the relations 
betw’een the physical properties of compounds and their chemical 
structure. 2 The problems comprised in this branch have, for 
the most part, been solved by organic chemists, owing to the 
fact that the material of experiment is largely drawn from the 
carbon compounds. The curious step-motherly fashion in 
which this important subject has been treated by the ordinary 
physical chemist is possibly due to the influence of Ostwald, 
who had a large following among the older group of physical 
chemists ; or it may be ascribed to the fact that few physical 
chemists have any claim to be ranked as even moderate organic 
chemists, a fact which handicaps them in this particular line of 
research. Whatever be the reason, there is no doubt that the 
relations between chemical constitution and physical properties, so 
fully recognized by van’t Hoff, have not been pursued with either 
eagerness or success bythe physical chemists of the OstwaldschooL 
Specific heat, boiling-point, and melting-point have occupied 
less attention in recent years. The influence of chemical structure 
upon viscosity has furnished a subject for a number of workers, 
among whom Dunstan and his collaborators have been the most 
successful. The relations between volume and valency have 
formed the basis of a considerable amount of ingenious specula- 
tion by Traube, Barlow, Pope, and Le Bas. 

^ Marwick, J. Tart.ScI, 1931, 4, 31. 

“ For a complete account of this field up to 1910, tke reader should consult 
Smiles’ Relations between Chemical Constitution and some Physical Properties, 
Even a cursory perusal of the book will suggest many subjects for further 
investigation. See also Kaufimann, Beziehungen zwischen physihalischen 
Bigcnsohaften und chemischer Konstitution (1920). 
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The physical properties of a molecule may be regarded from 
either of two different standpoints : for we may assume the 
molecular properties to be merely the sum of the properties of 
the various atoms in the molecule; or we may decide to lay 
most weight upon the structural character of the compound. 
Unfortunately, this mode of classification breaks down at certain 
points ; for it is found that in the case of some substances the 
properties of the molecule are apparently compounded partly 
from purely additive factors and partly from constitutive effects. 
A certain physical property may be traced as an additive factor 
throughout a whole series of compounds, and then may finall}^ 
be so greatly influenced by constitutive factors that the value 
deduced from additive methods diverges widely from the result 
of experiment upon the next member of the series. Thus when 
we speak of additive and constitutive properties we mean merely 
that in the one case the additive factor is predominant, whilst in 
the second case the influence of constitution outweighs the purely 
additive effects. 

An example of this is furnished by a relationship which has 
been detected between surface tension, density, and chemical 
composition. Macleod^ discovered that a relation existed 
between the density and surface tension of substances which could 
be expressed in the equation : — 

Here y is the surface tension, D the density of the substance as 
liquid, and d its vapour density, all at the same temperature ; C 
is a characteristic constant, independent of temperature, in the 
case of non-associated substances. 

Sugden ^ showed that this relationship of Macleod’s could be 
brought into direct touch with chemistry by a simple modifica- 
tion. Taking the fourth root on each side of the equation and 
multiplying them by M, the molecular weight of the substance 
under examination, the following relation is obtained : — 

M\/C — ~ Parachor 

^ {D-d) 

The functioix M^G is termed by Sugden the parachor of the 

substance. , 

^ Macleod, iTmm J’aracfo?/ iSoc., 1923, 19, 38. 

- Sugden, 1924, 125, 1177. 
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It is self-evident that when a weight is divided by a density, 
the quotient represents a volume ; and if, in this ease, measure- 
ments are made at low temperatures (when d becomes very 
small) the factor Ml{D—d) is simply the molecular volume of 
the substance under the experimental conditions. 

The parachor, then, is the molecular volume of the substance 
multiplied by the factor -sX y. But this factor represents a 
measure of the surface tension of the liquid, and the surface 
tension is a measure of the internal pressure of the material. 
So, by comparing the parachors of two substances under condi- 
tions which make their surface tensions equal, we have a means 
of comparing their molecular volumes under equal internal 
pressures.'*' 

When the parachors of a large number of compounds were 
determined, it was found that the property is mainly an additive 
one ; and the following constants were calculated in the usual 
manner:— 


C= 4-8 
H= 17-1 
0 = 20-0 


Cl = 54*3 
Br == 68-0 
1 = 91-0 


Double bond C : C 
Oo in esters 
6-membered ring 


23-2 

60*0 

6-1 


One or two examples will show how close is the agreement between 
the calculated and the experimental results. 


Ethylene bromide 

Cg = 4-8x2= 9-6 

H 4 = 17-1 X 4= 68*4 
Bu = 68-0 X 2 = 136-0 


Calculated = 214-0 
Experiment = 215-1 


'/i-PropjT-l formate 

C4 = 4-8 X 4= 19-2 
Hg == 17-1 X 8 = 136-8 

Ojj = 60 = 60 

Calculated = 216-0 
Experiment = 216-1 


Benzene (Kekule formula) 

Og = 4-8x6= 28-S 
Hg = 17-1 X 6 = 102-6 
3 Double bonds == 23-2 x 3 = 69-6 
6-membered ring =6-1 = 6-1 

Calculated = 207-1 
Experiment = 206*3 


Further investigation revealed that the parachor, though 
mainly additive, is in certain cases influenced by constitution. 
One esample of this will suffice here. 

* Por water at ordinary temperatures the internal pressure is of the order 
of 11,000 atmospheres'. 
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It appears that a distinction must be drawn between two 
kinds of double bonds : the non-polar and the semi-polar.^ The 
former adds 23 ‘2 units to the parachor, whilst the latter lowers 
the parachor value by 1'6 units. On the electronic theory of 
valency,*^ the non-polar double bond is supposed to be produced 
by two co-valencies, whilst the semi-polar bond is assumed to 
consist of one co-valency and one electrovalency. Langmuir 
assumed that double bonds between carbon atoms were of the 
non-polar type; and Sugden ^ has suggested that there is free 
rotation in the case of semi-polar double bonds. An examination 
of the parachors in the maleic-fumaric acid series proved that 
there the double bonds had parachoric values corresponding to 
the non-polar type, which fits in neatly with the cis-trans iso- 
merism characteristic of the series. 

From facts such as these it is evident that even in the case of 
a markedly additive property, constitutional factors make their 
appearance in the problem. Another example of the same kind 
may be found in the refractive indices of compounds. In the 
case of saturated molecules or unsaturated compounds containing 
: centres of residual aiB&nity which are isolated from each other, 
the refractive power of the substances can be calculated with 
extraordinary accuracy by simply adding together the pre- 
determined constants of the atoms which go to form the molecule. 
But if the structure contains a conjugated system of double 
bonds, the refractivity becomes anomalous and cannot be 
calculated on an additive basis. In this case, it is evident that 
constitutive influences are overbearing the purely additive 
relationship. 

This peculiar influence of conjugation makes itself apparent 
in nearly all optical properties. Magnetic rotatory power— i.e. 
the property of rotating the plane of polarization which is 
acquired by symmetrical substances when placed in a magnetic 
field — is calculable, in the main, so long as no conjugation is 
present in the molecular structure ; but substances containing 
conjugated double bonds are found to exhibit a certain exalta- 
tion above the calculated value ; so that, here also, the consti- 
tutional factor outweighs the purely additive effects. 

i Sugden, Heed, and Wilkins, J., 1925, 127, 1525 ; Sugden and WMttaker, 
ibid.^ 1868. 

See Chapter XYI., Vol. III. ^ Sugden, J., 1923, 123, 1864. 
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When absorption spectra are examined^ it is found that the 
manner in which the atoms are linked in the molecule may exert 
far more influence than the nature of the atoms themselves. 
At the beginning of the century, this subject attracted very wide 
interest, either in the crude form of “ relations between colour and 
constitution,’’ or in the more accurate survey of the visible and 
ultra-violet regions by the aid of the quartz spectrograph. The 
invention of the sector photometer by Henri for the determination 
of extinction coefficients in the ultra-violet marked a great stride 
forward in accuracy of method ; and Henri ^ has been enabled to 
calculate graphs of the absorptive power of certain substances. 

In the spectroscopic branch an entirely new field was opened 
up by McVicker, Marsh, and Stewart ^ through the discovery 
of the Tesla-luminescence spectra. In earlier years, the only 
emission spectra obtainable were those of the elements or of 
comparatively few stable compounds such as carbon monoxide 
and carbon dioxide. By using the high-tension Tesla discharge, 
it is now possible to photograph the emission spectra of highly 
complex compounds such as benzene and its derivatives ; and 
the extraordinary regularity of the benzene spectrum seems to 
suggest that through it mathematics may be brought to bear upon 
some of the fundamental problems of organic chemistry. The 
Tesla-luminescence spectra are constitutive in character, each 
class of compound having its own general spectral type. 
Curiously enough, the influence of conjugation appears to be 
very small so far as this physical property is concerned. 

Fluorescence is another property in which constitutive rela- 
tions play a preponderant part. So far as visible fluorescence is 
concerned, Hewitt’s theory of double symmetrical tautomerism^ 
appears to be the most successful attempt yet made to discover 
the factors underlying the phenomena. Recent work ^ on the 
fluorescence of substances in the vapour state, however, suggests 
that the problem as a whole is by no means easy to solve. 

^ Henri, Etudes de photochimie (1919). 

2 McVicker, Marsh, and Stewart, J., 1923, 123, 642, 2147 ; 1924, 125, 
1743 ; 1925, 127, 999 ; 1926, 129, 17 ; PUl Mag., 1924, 48, 628 ; J. A^yier. 
Chem. Soc.f 1924, 46, 1351 ; MacMaster, Russell and Stewart, J., 1929, 2401 ; 
Bussell and Stewart, J., 1929, 2407, 2432. 

» Hewitt, Z. physihd, Chem., 1900, 34, 1 ; J. Soc. Ghem. Ind., 1903, 22, 127. 

^ McVicker and Marsh, 1923, 123, 820 ; Marsh, ibid., 3315 ; 1924, 125, 
418 ; Hunan and Marsh, ibid., 2123 : Marsh, Phil. Mag., 1925, 49, 971, 1206. 
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Magnetic susceptibility,^ when studied from tbe constitu- 
tional standpoint, is found to resemble magnetic rotation in 
cbaracter, being influenced partly by additive factors and partly 
by tbe general constitution of the molecule. 

Electrical double refraction ^ and dielectric constant^ bave 
also been worked upon ; but tbey appear to be so bigbly con- 
stitutive in cbaracter that only tbe most general inferences can 
be drawn from tbe experimental results. 

One of tbe most bigbly constitutive properties yet discovered 
is anomalous electric absorption^ wbicb seems, so far as our 
present information goes, to be almost entirely restricted to 
compounds containing bydroxyl groups. 

From tbe foregoing paragraphs it will be seen that an 
immense amount of research remains to be done upon the con- 
nection between physical properties and chemical structure. 
We still await some general theory wbicb will co-ordinate the 
various branches of the subject. From a survey of the data 
at present available, it seems clear that the more purely elec- 
trical a property is, the more does tbe influence of constitution 
preponderate. Thus refractive index is largely additive ; mag- 
netic rotation and magnetic susceptibility are slightly more 
constitutive in character; anomalous electric absorption and 
electrical double refraction are almost entirely constitutive ; 
while tbe Tesla-luminescence spectra appear to be entirely 
constitutional properties. It is true that absorption spectra 
form an apparent exception to this rule. 

The conception of intramolecular change is far from new. It 
appears as far back as the day when Wohler established the 
conversion of ammonium cyanate into urea and thus broke down 
the existing barrier between inorganic and organic chemistry. 
Later, it re-appears in Kekule’s vibrational formula for benzene. 
Later still, it furnished a battle-ground in the long-contested 
problem of acetoacetic ester’s constitution. 

An adumbration of modern views appeared near the beginning 

^ Pascal, soc, chim., 1909 (iv), 5, 1110 . 

2 Cotton and Mouton, (viii), 1907, 11, 145; 1910, 19, 

153 j 20, 153, 194 ; 1913, 28, 209. 

3 ZTpkysilcaX, Chem., 1897, 23, 309 ; Waiden, 1903, 

^ pJiysihal, 1902, 40, 635 ; compare Walden, iM., 1903, 

46, 176. 
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of the present century. In order to account for certain peculiar- 
ities in the absorption spectra of a-diketones and quinones, 
Stewart and Baly^ suggested that molecules of these types 
were in a state of constant vibration, the extreme phases of 
which could be represented by formulae like : — 


OH 3 — O-C-CH 3 

II il 

0 0 

0 

II 

H-C^ ^C-H 

II II 

H-C. .C-H 

\(y 


o 


CH^-C^C-CHg 


0-0 


0 


H-C 0 C-H 


H-C 0 C-H 

\|/ 

C 


Measurements of the reactivities of such compounds led to the 
idea that the passage from one extreme phase to the other might 
account for the high degree of reactivity which they show. 
These views were put forward before modern electronic formulae 
had been devised ; and at that date it was impossible to carry 
the suggestion further with any success. 

The quantum theory made a fresh advance possible. Accord- 
ing to wave-mechanics, the state of a stable molecule can be 
represented by a function, tj'- Some molecules, however, afe 
capable of existing in two forms, A and B, in which the electronic 
grouping of A is different from that existing in B. In the case 
of A, the function may have the value if*! ; whilst in the case of 
B, it may have the value given specimen of the 

substance, a certain number of the molecules will be present in 
the A-form and a certain number in the B-form. Now let a 
represent the probability that a given molecule is in the A-form 
at a given moment, whilst 6 represents the probability that it 
exists in the B-form at that instant ; then according to wave- 
mechanics the state of the system can be expressed by the linear 


> Stewart aad Baly, J., 1906, 89, 489. 
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combinatioii : Here a and b vary with time ; and 

when this is interpreted, it means that the molecule must be 
regarded either as changing from A to B (and vice versa) with 
very high frequency, or else as having a structure which lies 
intermediate between A and B and which can hardly be expressed 
by our ordinary structural formulae The process of change is 
termed resonance.^ 

Eesonance is supposed to occur only when two conditions 
are fulfilled. In the first place, the atoms in the two systems 
must occupy practically similar positions; or, in other words, 
both systems must have the same structural formula. Secondly, 
the energy contents of the two systems must be approximately 
equal. As the frequency of the change from one form into the 
other is assumed to be about 10^^ times per second, it is plain 
that the only moving objects concerned must be electrons, since 
no hydrogen atom could be expected to move with the necessary 
speed. 

If resonance be assumed to occur in a substance, there should 
be three main results. First, the substance should exhibit the 
properties of both the possible structures, but the properties of 
the form with the greater energy content and smaller stability 
will be less prominent than those of the other form. Secondly, 
the distances between the atoms of either structure should be 
less than the distances as calculated for a normal co valency. 
Thirdly, the heat of formation of the substance should be greater 
than that calculated for either of the alternative structures. 

The case of carbon dioxide will serve to illustrate these 
points. The carbon dioxide molecule may be represented 
normally by three complete octets of electrons, wherein the 
central octet contains four electrons supplied by the carbon 
atom and a couple of pairs of electrons derived from the two 
oxygen atoms, each of which contributes a pair. We can 
symbolise this as shown below : 

:6::0::5: or 0=0=0 

On the other hand, the three octets may be constituted by the 

^ Pauling, J, Amer. Chefn, /Soc., 1931, 53, 3225; 1932, 54, 988, 3570 ; 
Pauling and Wheland, J. Ghem. 1933, 1, 362 ; Pauling and Sherman, 

ibid.f 606, 679; Pauling, Proc. Nat. Acad. Sci.f 1932, 18, 293, 498 ; and later 
papers. 
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carbon atom donating two electrons to one of tbe oxygen atoms 
whilst the bond between it and the other oxygen atom is built 
up from a pair contributed by the carbon atom and four electrons 
contributed by the oxygen system : 

:0:C:::0: or O^C^O 


(It is self-evident that the third possible arrangement, O^C— >0, 
is identical with the one already shown.) 

On comparing the observed values with, the values calculated 
on the foregoing assumption for the atomic distances in Angstrom 
units and the heats of formation of the two systems, the follow- 
ing result is obtained : 



O 

11 

o 

il 

Q 

0^0=0 


1-28 1-28 

1-43 1-D 

Distances . . . . 

2-56 


Heats of formation, Kg. cals. . 

348 

circa 350 


Observed 

2*30 

380 


It is clear that the actual atomic distances are much less than 
is calculated from the figures obtained from the carbonyl 
groups of aldehydes and ketones ; whilst the heat of forma- 
tion of carbon dioxide in practice is much greater (about 30 
Kg. cals.) than that calculated from the ketonic or aldehydic 
carbonyl group. 

Photochemistry ^ has grown by leaps and bounds since the 
beginning of the century and is rapidly reaching the stage when 
it will be considered a subject in itself. The problems already 
presented by it are too numerous to be dealt with in this place ; 
although the fringe of the subject is all that has been attacked 
as yet. 

The survey given in the previous pages of the progress of 
organic chemistry during the present century, though very 
incomplete, will suffice to indicate the main lines upon which 
work is proceeding at the present day ; and it should be sufficient 
to show that fresh subjects of research are still plentiful. The 
newer trend towards a study of natural products comes as a 
relief after the long supremacy of the purely synthetic work 

^ Accounts of the subject are given in Sheppard’s Photochemistry (1914), 
and in Griffith and McKeown’s Photo Processes in Gaseous and Liquid Systems 
(1929), 
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of the late nineteentli century ; and it may be emphasized in 
this place that in the near future the study of quite simple 
reactions will offer many points of interest. We are far too apt 
to be captivated by the application of old reactions to new 
syntheses ; and it seems likely that more interesting and useful 
work could be carried out by an examination of even such obvious 
problems as the hydration and dehydration of simple organic 
compounds. 


CHAPTEE II 


SOME CAEBOHYBEATE COHSTITUTIOYS 
A. — Introductory 

Among organic compounds, the carbohydrate class occupies a 
unique position, since in one form or another its members have 
become almost indispensable to modern civilization. Sugar 
and starch occur in our foodstuffs. The growing plant’s cell- 
walls are formed from cellulose, which is thus the keystone of 
agriculture. Cellulose in the form of wood finds applications as 
fuel, as a building material, and in the construction of furniture. 
It is the basis of the manufacture of cheap paper ; it is an essential 
raw material in the making of cinema-films ; and it is utilized 
in the making of many commercial explosives. On it, too, the 
cotton trade is founded ; and the recent rise of artificial silk 
represents yet another field of application for the carbohydrates. 
Even in pathology this group has a marked importance, since 
glycogen forms a reserve supply of nutriment in the animal 
body, and glucose acts as a danger-signal in cases of diabetes. 

On the chemical side, the study of the carbohydrate group 
is of considerable historical interest ; for a narrative of it is 
found to fall naturally into successive chapters and to illustrate 
in an exceptionally striking manner the influence of new theories 
and fresh methods upon the progress of chemical science. 

In the early days of organic chemistry, the sugars offered 
the greatest difficulties to investigators. Unguided by any 
clear ideas of chemical structure, the chemists who attacked 
the carbohydrate group had to content themselves with purely 
empirical and descriptive results ; and the complexity of the 
subject must have disappointed many an eager investigator. A., 
glance at the edition of Gmelin’s Handbuch der orgmiischen 
Chemie published in the middle of last century will reveal how 
chaotic the subject must have appeared at that time, even to 
the most expert. If research had closed at this point, our 
knowledge would have been confined to a series of facts, most 
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of wMcli seemed to bear little relationsliip to one another and 
all of which appeared to lack any power of suggestion for a 
fresh start. Pure practice had failed to clarify the sub|ect. 

Then came the great days of the structural chemistry evolved 
by Kekule, and a fresh light was thrown upon the whole field. 
Baeyer and Zincke w^ere not slow to see the possible applications 
of constitutional ideas in the sugar group, and more or less 
modern formulations of the saccharides made their appearance. 
Almost on the heels of this came van’t Hoff's extension of 
chemical formulas into three dimensions ; and with that advance 
the hitherto incomprehensible complexity of the carbohydrate 
problem began to fade out. 

But even with all this, the riddle of the carbohydrates still 
had difficulties of its own : for the physical character of many 
members of the group offered resistance to the normal processes 
of purification ; and the task of disentangling from each other 
a series of closely-similar materials presented practical stumbling- 
blocks which even the finest experimental skill could hardly 
surmount. Fischer's discovery of the phenylhydrazones and 
osazones was necessary before any real advance could be made. 
The utilization of phenylhydrazine, coupled with the application 
of the structural and stereochemical ideas which had come into 
vogue, produced a complete change in one aspect of the carbo- 
hydrate chemistry. In an almost incredibly short period, 
Fischer carried to a successful conclusion a vast research which 
ended with the determination of the structure and spatial con- 
figurations of all the known pentoses and hexoses. At one 
sweep, our knowledge of the monosaccharides had been extended, 
clarified, and consolidated. 

With the close of Fischer's activity in this region of organic 
chemistry, the general interest in the carbohydrate group 
suffered what was, perhaps, a natural decline. In the special 
branch which he had attacked but little remained for subsequent 
investigators ; and there Was a quite comprehensible diffidence 
showm by other researchers in entering the field. Thus, for a 
time, the subject was studied, if at all, on a scale much more 
modest than that to which Fischer had accustomed our minds. 
The action of enzymes on various sugars was investigated and 
enzymatic syntheses were worked out ; whilst further examina- 
tion was made of the constitutions of various members of the 
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sugar group. But though much valuable information was thus 
acquired, the results lacked something which had illuminated 
the previous period. They formed a mass of valuable data, but 
behind them there was no single intellect concentrated on a 
huge problem and seeing it as a whole. Even the scientific 
mind is capable of appreciating the romantic side of science ; 
and undoubtedly the picture of a single personality mastering 
a vast region of investigation produces a more definite impres- 
sion than does the work of a group of independent investigators 
attacking a problem piecemeal. On the whole, then, this period 
of sugar chemistry suffered in interest by comparison with the 
brilliancy of the Fischer era ; and for a time it seemed as though 
the carbohydrates had sunk back into obscurity, so far as the 
general interest of organic chemists was concerned. 

The third period in the history of sugar chemistry opened 
almost simultaneously with the beginning of the present century. 
Fischer’s researches had cleared up the field of the mono- 
saccharides ; but our knowledge of the polysaccharides was left in 
almost the same condition as it had been before he entered upon 
the study of the carbohydrates. The new attack was opened by 
Purdie and his collaborators. It seems desirable to sketch the 
main outlines of the succeeding campaign in this place, so as to 
lend some perspective to the details which will be given in later 
sections. 

Like Fischer, the new investigators had armed themselves 
with a fresh weapon. As phenylhydrazone formation had been 
the key to the monosaccharides, so methylation was to throw 
light upon the constitutions of the much more complex carbo- 
hydrates. The attack was launched on a modest scale by the 
preparation of a crystalline tetramethyl-glucose.^ 

The methylation of sundry other members of the sugar 
group was rapidly taken in hand. Galactose,^ sucrose, and 
maltose ® were subjected to methylation ; and in 1906 an ex- 
tension of the method into a fresh region showed that the new 
process could be applied to determine the structure of the typical 
natural glucoside, salicin.^ 

^ Purdie and Irvine, J., 1903, 83, 1026. 

^ Irvine and Cameron, J., 1904, 85, 108L 

* Purdie and Irvine, J., 1905, 87, 1025. 

^ Irvine and Rose, J., 1906, 89, 814. 
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In 1910, an entirely fresli field was entered by Denham and 
Woodhouse,^ who applied a new method of methylation by 
means of which they were able to introduce methyl radicles into 
cellulose. Starch also came within the range of investigation 
about the same period. 

A modification of the new methylation method enabled it 
to be applied to the preparation of glucosides and methylated 
gliicosides ^ ; and the simplification of work in such cases facili- 
tated the constitutional study of sucrose, lactose, maltose, and 
cellobiose.^ 

The preparation of these numerous methylated carbohydrates, 
and the identification of the fission-products of the simpler 
polysaccharides after hydrolysis, represent in themselves a 
gigantic piece of work ; but to see the matter in true perspective 
it must be borne in mind that all this labour was undertaken 
merely as a first step towards the solution of the most intricate 
problems in the carbohydrate field. Stage by stage, the in- 
vestigation was consolidating the ground for the final attack 
upon the constitutions of the most complex naturally-occurring 
carbohydrates. One by one, the structures of the simpler 
materials were determined; the modes of linking one mono- 
saccharide nucleus to another were established : and it was not 
until all had been made ready that a real attempt was made to 
discover the molecular groupings of inulin, cellulose, starch, and 
glycogen. The research has now entered this ultimate stage ; 
and although at present it is too soon to speak of finality, never- 
theless our knowledge of the polysaccharides has grown almost 
out of recognition within the last few years. 

The remainder of this chapter is mainly concerned with the 
developments produced by the application of methylation in the 
carbohydrate group. While studying it, the reader may perhaps 
be inclined to suppose that it represents a record of easy and 
steady progress along well-defined lines ; but it should be borne 
in mind throughout that in actual practice the carbohydrates 
present the most unexpected difficulties, both in experimental 
work and in the interpretation of results obtained. Consultation 

^ Denham and Woodhouse, J., 1913, 103, 1735. 

2 jTaworth, J., 1915, 107, 8. 

3 Haworth and Leitch, J., 1918, 113, 188; 1919, 115, 809 ; Haworth and 
Hirst, J., 1921, 119, 193. 
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of the original papers will soon remove any false ideas on this 
subject which might be produced by the simplicity of text-book 
presentation. 

B.— The Phenomena of Mutarotation. 

When a monosaccharide such as glucose is dissolved in water, 
the optical rotatory power of the solution gradually alters until 
at last it reaches a constant value. The final stage can be 
reached more rapidly, either by heating the solution or by adding 
some catalyst such as ammonia. This change in the value of 
the rotatory power is known as mutarotation. 

As an explanation of this behaviour, it was suggested ^ that 
mutarotating sugars exist in isomeric forms which, in solution, 
gradually change into one another. This explanation was later 
on supported by definite evidence. For example, when d- 
glucose is recrystallized from alcohol, it melts at 146^^ 0. This 
form is termed a-glucose. If a concentrated solution of a-glucose 
be heated for several hours to 105°~106® C. and be then treated 
with alcohol, a fresh form, j3-glucose,*^ is obtained, which melts 
at 148"-150° C.f 

These two modifications of glucose differ in solubility, the 
j3-form being the more soluble. A more interesting difference 
comes to light when their rotatory powers are examined.^ 
When 8 per cent, solutions are used, the initial rotatory power of 
the a-modification is -f- 110°, but, on standing, it gradually falls 
to + 62°. The initial rotatory power of the ^-modification is 

^Erdmann, JaTireshericht^ 1855, 672; 1856, 639 ; Dubrunfaut, 
re? 2 d., 1856, 42, 739 ; Bechamp, 896. 

* This substance was originally termed yg^^cose, as the name P-glueose 
had been given to an equilibrium mixture of a- and j3-glucose. On the dis- 
covery that this mixture was not an individual, the name (3 -glucose was trans- 
ferred to the pure second variety. The term y-glucose now denotes a peculiar 
active form of glucose, different from both a- and j3-forms. 

t Hudson and Dale {JiAmer. Chem, Soc,, 1917, 39, 320) have shown that 
either of the two forms of glucose can be conveniently obtained by using acetic 
acid as a cr37staliizmg medium. a-Oiucose is prepared by evaporating at 
ordinary temperature a mixture of two parts sugar, one part water, and four 
parts of glacial acetic acid. |3 -Glucose is obtained from a mixture of ten parts 
of sugar, one part of water, and twelve parts of glacial acetic acid by heating 
the solution on a boiling water-bath and subsequently allowing crystals to form. 

2 References to the literature of mutarotation are to be found in a paper by 
Hudson (J. Amer. Ghem, Noc., 1910, 32, 8S9). See also Baker, Ingoid, and 
Thorpe, j., 1924, 125, 268 ; Lowry, J., 1925, 127, 1371 ; Lowry and Richards, 
ibid., 1385. 
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+ 19°, but it slowly increases, on standing, to + 52°. This 
value, + 62°, obviously represents the rotation of a mixture of 
the two forms after they have come into equilibrium with each 
other. 

To account for mutarotation, Tollens ^ suggested that sugar 
structures contain an oxide ring, which would bring into existence 
two fresh stereoisomeric forms of the sugar. The formulae 
below represent the spatial arrangements round the terminal 
atom of the sugar chain in the two cases. 

HO 



\ 


\ 


C H 

C H . . . 1 

1 

CH . OH 

I 

CH . OH . . . 2 

i 0 1 

CH . OH 1 

CH . OH . . . 3 

1 

1 

CH . OH 

1 

1 

CH.OH . . . 4 

1 

1 

CH 

1 

CH . . . . 5 

1 

1 

CH 2 OH 

1 

CH^OH . . . 6 


Support was lent to this hypothesis by the discovery that the 
alkyl glucosides, occur in two stereoisomeric forms, which can 
be represented by replacing the hydroxyl groups attached to 
the carbon atoms (1) in the above formula3 by methoxyl radicles. 
A further proof of the correctness of Tollens’ views is found in 
the behaviour of the methylated sugars and their glucosides. 
Tetramethyhglucose exhibits mutarotation, whereas the corre- 
sponding tetramethyl-derivatives of the methylglucosides are 
devoid of miitarotatory power. ^ 

As can be seen from these formulae, the methylglucoside has 
no power of structural alteration, since it is completely methy- 
•lated ; whereas in tetramethyl-glucose the hydrogen atom 
marked with the asterisk might be assumed to wander and thus 
produce a new oxide-ring having a stereochemical position 
different from the original one. 


1 Tollens, Ber,, 1883, 16, 923. 

^ Purdie a,nd Irvin©, 1904, 85, 1049, 
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CH~OH* 

CH . OMe 
0 CH . OMe 

I 

CH . OMe 

I 

CH 

I 

CHgOMe 

Tetramethyl-glucose, 


— CH— OMe 
CH . OMe 

I 

0 CH . OMe 

I 

CH . OMe 
— CH 
CHgOMe 

Tetramethyi-methylglucoside. 


If still further proof is needed in favour of the presence of 
an oxide-ring, it is to be found in the results of methylation ; but 
as these will be discussed in detail in later sections of this chapter, 
it is unnecessary to go into the matter at this point. 

The existence of an oxide-ring of some sort in the sugar 
structures is now generally admitted. But this by no means - 
disposes of the problem, since the question at once presents 
itself: what is the nature of the ring ? Since glucose, for 
example, contains five hydroxyl groups, each of which— theoreti- 
cally — ^might play its part in the formation of an oxide-ring, 
it is evident that further evidence will be required in order to 
assign a definite ring-structure to the substance. 

Very brief consideration will show how difficult is the problem 
thus presented to the chemist. In the first place, the ease with 
which mutarotation oeeurs, and the readiness with which the 
sugars react in the open-chain aldehydic form with phenyl- 
hydrazine and other similar reagents, are sufficient to prove 
that the oxide-ring is anything but a stable grouping. Under 
the action of even the mildest reagents a structural or stereo- 
chemical rearrangement may occur which may change the 
number of atoms in the ring or alter the spatial configuration 
of the molecule. Thus, even among the monosaccharides, it 
is difficult to gain absolute certainty as to the cyclic grouping, 
and in the polysaccharides this difficulty is increased. During 
the action of hydrolytic agents, the original ring-structure 
may be ruptured and a fresh type of ring may present itself 
in the constitution of the fission-products, so that a study of 
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tlieir arcMtecture migM lead to completely erroneous inferences 
with regard to the type of ring present in the parent molecule. 

In order to avoid this pitfall, it is obviously essential to 
put out of action all the hydroxyl groups in the carbohydrate 
molecule which might serve as centres for the formation of an 
oxide-ring different from that which is normally present. Various 
methods might be suggested, such as acetylation or benzoylation ; 
but the drawbacks of such solutions of the problem are self-evident 
in the case of the polysaccharides. In this group, information 
can be gained only by splitting up the molecule by hydrolysis ; 
and in the presence of hydrolytic agents there would be no guaran- 
tee that acetyl or benzoyl groups would remain in situl^ What 
is required, evidently, is some substituent which will resist hy- 
drolysis and will not migrate during hydrolytic reactions. Since 
this desideratum has been discovered in the methyl radicle, the 
methylation of the hydroxyl groups has become a process of fun- 
damental importance in the study of carbohydrate constitution. 

C. — The Alkylation or the Carbohydrates 


Before describing the practical methods employed in the 
alkylation of the carbohydrates, a typical example may be 
chosen in order to show the rationale of the processes employed ; 
and for this purpose the stages leading up to the complete 
methylation of glucose may be selected. These are indicated 
in the following scheme ^ : — 

(I.) (11.) (in.) (IV.) 

-CH . OH CH . OMe CH . OMe -OH . OH 


CH.OH 

. 1 

0 CH.OH 

CH . OH 

I 

-CH:. : ' 


CH . OH 

, I 

O CH.OH 
CH.OH 

I 

-CH 


CH . OMe 

. I 

O CH . OMe 

I 

CH . OMe 

, I 

CH 


CH . OMe 

. I 

O CH.OMe 

1 

CH . OMe 

, I 

‘—CH . . 


. CHaOH CHaOH CHaOMe CHaOMe 

Giucoside formation. Methylation. Hydrolysis. 


. 3 

. 4 
. 5 

. 6 


* For examples of the migration of acetyl groups in the acetylated 
rhamnoses, see Eischei*, Bergmann, and Rabe, Ber., 1920, 53, 2362, Compare 
also the kindred phenomena in the depside series which are described in 
■'Ghapter:XI. ' .v. 

1 Irvine, J., 1923, 123, 988. 



RECENT ADVANCES IN ORGANIC CHEMISTRY 


The first stage is the formation of the methjlglucoside in which 
the reducing group of the sugar is protected by the new methyl 
radicle. In the next stage, the methylating agent attacks the 
remaining hydroxyl groups of the molecule, the process culmina- 
ting in the formation of the tetramethyl-methylglucoside (III.). 
When this is subjected to acid hydrolysis, the only methyl 
group removed is that related to the original reducing group 
of the sugar, so that the tetramethyl-derivative (IV.) is produced. 
This substance, as the formula shows, has four hydroxyl groups 
(in the 2:3:4: 6-positions) masked by the alkyl radicles, and 
it is thus possible to study the properties of the reducing group 
in position I in the absence of many factors which might normally 
complicate the problem. 

Further consideration will show that if a sugar derivative 
contains any group or groups capable of subsequent removal by 
hydrolysis, it is possible to methylate the unoccupied hydroxyl 
radicles and ultimately to obtain identifiable partly-methylated 
sugars. Thus the method of alkylation leads ultimately to an 
exact Imowledge of the constitution of the compound subjected 
to methylation ; but in order to make the identification it is 
essential to have a whole series of known reference-compounds 
in the form of more or less completely alkylated simple sugars. 
The preparation and identification of these substances occupied 
one of the longest and most laborious sections of the new attack 
on the carbohydrate constitutions. 

We must now turn to the practical methods which have been 
devised in order to introduce alkyl groups into the carbohydrate 
molecules. 

The pioneers in this branch of the subject were Purdie and 
Irvine,^ who showed that sugars and glucosides would be 
alkylated by acting on them with alkyl iodides and dry silver 
oxide, a process generally termed for convenience “ the silver 
oxide method.” Since silver oxide has an oxidizing action on 
the reducing group of some sugars, it is usual to prepare the 
methylgliicoside and utilize it for methylation, instead of the 
sugar itself."^ In this case, methylation is initially conducted 

1 Purdie and Irvine, tT., 1903, 83, 1021 ; 1904, 85, 1049 ; Irvine and 

Cameron, ibid,, 1071. 

* The methyiglucosides, being more soluble in organic media than the 
parent sugars, are on this account better fitted for use in the silver oxide method 
of alkylation. 
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in metliyl alcoliol solution. Wlien several alkyl groups Iiave 
been introduced into tlie sugar, tlie new derivative is soluble 
in metbyl iodide, and thus tlie presence of metliyl alcohol is no 
longer necessary. 

The silver oxide method has the disadvantages that it is 
applicable only to carbohydrates for which a suitable solvent 
can be found ; also that there is always a risk of the sugar 
being oxidized by the silver oxide ; and finally, that the reagents 
are expensive. On the other hand, owing to the mild conditions 
under which methylation proceeds, no profound alterations in 
the constitution of the sugars need be feared when this method 
is employed. Eacemizations, Walden inversions, or glucosidal 
interconversions do not complicate the problem. Thus the 
silver oxide method has furnished a safe means of preparing a 
large number of standard alkylated sugars which serve as com- 
parison materials when other methylation methods, more violent 
in action, are employed. 

A fresh reagent for the methylation of the carbohydrates 
was discovered ten years later by Denham and Woodliouse,^ 
They were engaged in an attempt to methylate cellulose ; and 
since the insolubility of this material in normal solvents stood 
in the way of an application of the silver-oxide method, they 
tried the effect of methyl sulphate. By impregnating cellulose 
with a 15 per cent, solution of sodium hydroxide and then 
treating the material with methyl sulphate, they readily obtained 
methyl-derivatives of cellulose. 

Two years later, Haworth ^ showed that methyl sulphate 
could be utilized very simply for the alkylation of less complex 
carbohydrates. The sugar, such as sucrose, was dissolved in a 
minimum quantity of water and the solution was introduced 
into a flask furnished with a condenser and two tap-funnels 
which contained respectively methyl sulphate and a 30 per cent, 
sodium hydroxide solution. The flask was placed on a water- 
bath maintained at 30M0® C. and the reagents were run in from 
the tap-funnels with constant stirring, the temperature being 
raised to 70*^ G. in the later stages. The methylated sugar is 
extracted by means of chloroform, after any excess methyl 
sulphate has been destroyed ; and the final purification is 

^ Denham and Woodhouse, J,, 1913, 103, 1735. 

2 Haworth, J., 1915, 107, 8 . 
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attained by vacuum distillation at low pressure. Hawortb s 
method baJtbe advantage that it proceeds in definite stages ; so 
that homogeneous products, representing the intermediate s eps 
in the alkylation process, can be isolated. Thus the productmn 
of mixtures of unchanged and partly-alkylated materials, which 
are found in using the silver oxide method, is avoided , and con- 
sequently the final purification of the end-product is simp er. 

Yet another method of alkylation has been rendered pjsible 
by Werner’s discovery that diazomethane can be easily obtained 
frL nitroso-methylurea ; and that alkylation bj ^ 

reagent can be carried out in alcoholic solution.^ The substance 
to be alkylated is dissolved in dry alcohol along with a small 
excess of nitroso-methylurea. Sodium ethoxide is added ; and 
the diazomethane, thus liberated, immediately _ attacks the 
hydroxyl groups. Diazomethane is especially suitable lor the 
methylation of phenolic groups in certain glucosides,^ 


? D.— The Oside-eings in the Sugaes 

1. General 

As was mentioned in a previous section, the existence_ of an 
oxide-ring in the sugar molecule was suggested in order to 
account for the phenomena of mutarotation. At a later stage, 
Fischer’s preparation of two isomeric methylglucosides and 
the isolation of glucose itself in isomeric forms furnished further 
support to the idea. Another branch of the evidence came to 
livht when Purdie and Irvine® showed that the methylation 
of either methylglucoside yielded two isomeric tetramethyl- 
glucosides which on hydrolysis gave the same tetramethyl- 
glucose ; and that from this tetramethyl-glucose the two original 
tetramethyl-glucosides could be obtained by ordinary glucoside 
formation. Though the evidence in favour of a ring-structure 
is by no means conclusive, it has been sufficient to satisfy most 
experts ; and since in cyclic anhydrides and lactones a five- 
membered grouping is found to be the most stable type, the 
oxide-ring of the sugars was tacitly assumed to contain four 
carbon atoms and one oxygen atom. 


1 E. A. Werner, J., 1919, 115, 1093. 

® Herzig and Schonbach, Mowitsh,^ 1912, 33, 673. 
3 Purdie and Irvine, J., 1904, 85, 1059. 
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In Ms original work on the methylgliicosides, Fischer ^ 
obtained three products. Two of these he regarded as stereo- 
isomeric compounds, giving them the names of a- and j3-methyl- 
glucosides. The third substance, being difficult to purify, was 
not closely investigated; but Fischer assumed that it was 
glucose dimethyl-acetal. In 1914, however, Nef ^ put forward 
the view that the two methylglucosides were structural isomers 
and not stereoisomeric compounds ; and thus the problem of the 
nature of the oxide-ring was raised in an acute form, since if 
the glucosides were structural isomers the oxide-rings in the two 
compounds must be different from each other. 

Fischer ^ in his reply was able to show that the a- and (3- 
glucosides were structurally identical ; but being thus led to 
a re-examination of the supposed glucose dimethyl-acetal, he 
was forced to conclude that it also was a methylglucoside, to 
which he gave the name y-methylglucoside.* This discovery of 
Fischer’s was sufficient to establish that more than one kind of 
oxide-ring was possible in the sugar group ; for the difference 
d)etween the y-glucoside and the other two must be a structural 
one, since the two stereochemical possibilities have already been 
utilized to account for the existence of the a- and ^-glucosides. 
But if two types of ring were possible, there was no guarantee 
that the normal type was a five-membered structure ; and so 
the whole problem had to be approached from a fresh direction. 
In the group of aldoses, the two most probable structures 
appeared to be the five-membered butylene-oxide type and 
the six-membered amylene-oxide structure : 


GHgOH . CH(OH) , CH . GH(OH) . GH(OH) . CH(OH) 

Butyiene*oxide structure. 


! I 

CHgOH . CH . CH(OH) . CH(OH) . GH(OH) . CH(OH) 

Amylene-oxide structure. 

^ fischer, Ber., 189^^ 

2 Kef, Annalen, 1914, 40S, 204. ^ Fischer, Ber,, 1914, 47, 1980. 

^ It should be noted that Fischer used the prefix y« as a mere convenient 
symbol and that he did not mean to imply that the prefix had the same sig- 
nificance which it bears in, for instance, y-iactone. 
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and it was at this point that the investigators reaped some of 
the fruits of the laborious work undertaken in the original 

preparation of the methylated sugars. ,11, 

In dealing with sensitive materials like the carbohydrates, 
the possibility of isomeric change cannot be left out of account 
in considering the results of oxidation reactions; and the 
advantase of methylated sugars over other derivatives is to be 
found in the fact that the former can be oxidized without any 
change occurring in the relative positions of the various alkyl 
groups.! iiius the final products give a definite clue to the 
original grouping of the molecule. 


2 . Rhamnose 

In order to make tke metliod clear, tne case of rhanmose 
will be chosen, since it is free from complexities which arise 
in some other cases owing to mixtures being formed on methyla- 
tion. When methylated by several different methods, rhamnose 
is invariably found to give on hydrolysis a single trimethyl- 
derivative. A glance at the rhamnose formula (written in the 
open-chain way to avoid any prejudice about the position of 
the ring) will show that a number of choices can be made for 
the positions of the three methoxy-groups : 

CHO 

CH.OH 

I 

CH.OH 

Rhamnose. | 

CH.OH 

CH.OH 

I 

CH3 


1 Irvine, Pyfe, and Hogg, J., 1915, 107, 639 ; Irvino and Oldham, J., 
1921, 119, 1744 ; Pryde, J., 1923, 123, 1808 ; Haworth and Baker, J., 1925, 
127, 385 ; Levene, J. Biol. Ohem., 1924, 60, 167. 

Hirst and Macheth, J., 1926, 129, 22. 
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' The hydroxjd group which is unattacked by meth}datioii is 
obviously the one which has lost its hydrogen atom in order to 
form the cyclic chain of the oxide-ring ; and thusif the positions 
of the three methoxy-radicles can be ascertained, the point of 
attachment of the oxide-ring is also established. 

Now on oxidation with nitric acid, trimethyl-rhamnose yields 
^arabo-trimethoxy-glutaric acid, the space* formula of which is : 

COOH 

I 

H — -C OMe 

I 

H 0 OMe 

I 

MeO G H 

I 

COOH 


This result proves beyond doubt that the three methoxy-groups 
^ in trimethyl-rhamnose lie on three directly-connected carbon 
atoms. But this limits the possible formulse of trimethyl- 
rhamnose to the two which are shown below : 


CH . OH 

I 

H— CO— Me 
0 H— C— OMe 


CH— OH 

i y 

H— 0/ 

I 

H— C— OMe 


MeO— 0— H 


H— C— OMe 


C— H 


MeO— C— H 


CH3 

Trimethyl-rliamnose. 


CHg 

Aitemative formula. 


The choice thus lies between an ethylene-oxide ring and an 
amylene-oxide grouping ; and on stereochemical and other 
grounds the amylene-oxide ’arrangement appears to be the only 
probable one. The formula of rhamnose itself must therefore 
be that shown below. 
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-CH.OH 

I 

H— C— OH 

I 

Rhamnose. 0 H — C — OH 

1 

HO— C— H 

! 

C— H 

I 

CH3 

This example brings out clearly the value of sugar-methylation 
in problems of this type. In a similar manner it was proved that 
the pentoses xylose and arabinose also contain the amylene-oxide 
structure.^ 


3. The Glucoses 

At first sight, the structure of glucose appears to present 
a problem of much greater difficulty than that of the rhamnose 
constitution. In 1925, an amylene-oxide ring structure for the 
glucose molecule was suggested ^ ; and evidence in favour of 
this view ^ was found in the work of Hudson. This investigator ^ 
had shown, from an examination of two dozen lactones derived 
from the polyhydroxy-acids of the sugars, that a striking 
parallelism could be traced between the sign of rotation of the 
lactone and the position of the lactone ring assuming that ring- 
formation took place through the y-carbon atom of the chain. 
No exceptions to the Hudson Eule have yet been detected. On 
the other hand, if the lactone ring w^ere formed through the a-, 
p-, or S-atom of the sugar chain, Hudson’s Eule should fail in 
8, 10, and 12 cases respectively out of the twentj^-four. By 
applying the Hudson Eule to the case of the lactone derived 

1 Hirst and Purves, J., 1923, 123, 1352 ; Hirst and Robertson, J., 1925, 
127, 358. 

2 Haworth, Nature^ 1925, 116, 430. 

® Charlton, Haworth, and Peat, »/., 1926, 129, 89. 

^ Hudson, J. Amer, Ohem, 80c,, 1910, 32, 338. 
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from tetrametliyl-gliicose, Ckarlton, Hawortli, and Peat came 
to the conclusion that glucose must contain the amylene-oxide 
ring ; so that the glucose molecule should have the structure : 

I 

CH.OH 
H.C.OH 
HO.O.H 
H.C.OH 
H.C 

I 

CHgOH 

Glucose. 

Strong evidence in favour of the amylene-oxide structure 
* has been contributed by the study of the oxidation-products 
of tetramethyl-glucose. On methylation, glucose yields a tetra- 
methyl derivative. If^an amylene-oxide ring exists in the 
glucose structure, then this tetra-methyl derivative must be 
the 2 : 3 : 4 : 6 compound shown in formula (I.) ; whereas if 
a butylene-oxide ring is present, the tetramethyl-derivative will 
be the 2 : 3:6:6 compound shown in (IL). See p. 52. 

If the amylene-oxide ring be present in the molecule, the first 
result of oxidation would be the production of the tetramethyl- 
gluconic acid (IV.). Thereafter, <i-dimethoxy-succinic acid (V.) 
would be formed if the break took place between the fourth and 
fifth atoms of the chain, or else the product would be inactive 
xylo-trimethoxy-glutaric acid (III.), if rupture occurred between 
the fifth and sixth atoms of the chain. If the butylene-oxide 
ring be present, on the other hand, the first product would be 
the tetramethyl-gluconic acid shown in (VI.). On further oxida- 
tion, this might yield methoxy-malonic acid (VII.) and also the 
same dimethoxy-succinic acid (V.) as would be obtained from 
the amylene-oxide structure. Prom this it is evident that the 
presence or absence of the xylo-trimethoxy-glutaric acid (III.) 
is the crucial test in deciding between the two possible ring- 
structures. 



52 


RECENT ADVANCES IN ORGANIC CHEMISTRY 


CH.OH 
H . C . OMe 

I 

MeO . C . H 

I 

H . C . OMe 
H. C 


CHaOMe 


(I.) 


COOH 
H . 0 . OMe 

MeO. C.H 

! ■ 
H . C . OMe 

COOH 

(III.) 


0 


CH . OH 

I 

H . C . OMe 

I 

MeO . C . H 
H.C — 


0 


H . 0 . OMe 


CHgOMe 


COOH 

I 

H . C . OMe 

I 

MeO . C . H 

I 

H.C. OMe 
H.C. OH 


CH^OMe 


(IV.) 


COOH 

I 

H.C. OMe 

i 

MeO . 0 . H 

! 

H.C. OH 

I 

H.C. OMe 


CHgOMe 


(II.) 


COOH 
H . C . OMe 

I 

MeO . C . H 

I 

COOH 




(VI.) 


COOH 

I 

H.C. OMe 

COOH 

(VII.) 
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This field has been investigated by Hirst,^ who detected 
xylo-trimethoxy-glutaric acid among the oxidation products ; 
and by means of the reasoning already given, he was able to 
establish definitely that the true formula of glucose is : 


CH.OH 

i 

H.C.OH 

I 

HO.C.H 0 

I 

H.C.OH 

I 

H . C 

I 

CH2OH 

Glucose. 

The foregoing examples will suffice to illustrate the methods 
by which the presence of the amylene-oxide ring has been estab- 
lished in the cases of certain normal sugars. It will be remem- 
bered, however, that the existence of a third methylglucoside 
suggests the probability that more than one type of ring-structure 
is possible in the sugar molecule; and this idea gains further 
support from the readiness with which sucrose and other fructo- 
sides are hydrolysed, for their lability suggests that they are 
constituted dilferently from the normal t3?p)e. 

Irvine, Eyfe, and Hogg, simultaneously, with Fischer,^ dis- 
covered the existence of the third methylglucoside, w-hich they 
isolated in the course of an attempt to prepare glucosamine from 
gluGose ; and their investigations of it carried our knowledge 
considerably further. Fischer ^ observed that the y-methyl- 
glucoside differed from the a- and p-forms in its indifference to 
emulsin, as well as in its extraordinary sensitiveness towards 
acids. Irvine, Fyfe, and Hogg found that in addition to these 
properties, the y-glucoside is characterised by (1) the remarkable 

1 Hirst,:/., 1926, ,129, 350^ . ' , 

3 Ksolier, Ber., 1914, 47, 1880. 
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ease with which it enters into condensation with acetone ; (2) its 
cmacitv of reducing alkaUne potassium permanganate, which_ is 

Zt kCt s.g> duration ; (3) its teadeay to . 
^4 oa. ftomio propoitioa of oaygea to give a aeutral pioduc , 
aad (4) tke ready auto-condensatioa of this oiy-oompouad to 
rive a prodaet allied to the disaceharides. these properties 

were practically unique in the sugar group. .rno+lnrl 

Irvine, Fyfe, and Hogg, on methylatmg this y-me y - 
glaeoside by meaas of silver oxide, obtaiaid a tetrame y - 
SethylglaLide which was found to dttr completely m ^o- 
Lrties tom the methylatioa-products of the «- and f-methyl- 
"^lucosides. It reduced permanganate instantaneously m 
told and was readily hydrolysed by hydrochloric acid in con- 
ditions which leave the oc- and p-£orms intact. The hydrolysis 
product is a tetramethylated hezose, termed tetramethyl- 
Y-glucose, which is a liquid, instead of being solid like the norma 
tetramethyl-glucose obtained from either the a- or the j3-methyl- 

^ The reaction with permanganate suggests the possMity 
that the y-methylglucoside contains an unsaturated ^^mg 
and might therefore be allied to glucal, for which Fischer had 

proposed the following formula : 

—OH 


0 


OH 

OH . OH Glucal. 


-OH 


OH. OH 

■ 1 ' 

OHjOH 

The most convincing evidence on the point is the following.^ 
When y-methylglucoside (I.) is methylated and then hydrolysed, 
it yields 2:3: 5 : 6-tetramethyl-glucose (II.). Oxidation of this 

1 Ksciier, 1914, 47, 196. ^ 

3 Haworth, Hirst, and Miller, J., 1927, 2436; Haworth, Comiitution of 

(1929), p, 42. 
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■with bromine water gives 2:3:6: 6-tetramethyI-gluconic acid 
(III). The lactone of this (IV.)j when digested with hot nitric 
acid, is oxidised to oxalic acid and d-dimethji-tartario acid (V.). 


(I-) 


OH.OMe 

H.C.OH 

I 

HO . C . H 

H.C — — 
! 

H.C.OH 

CHaOH 

y-Methyl- 

glucoside. 


(II.) 


CH.OH 

I 

H.G.OMe 
-> I . 0 
MeO . C . H 
1 

H.C 

I 

H . C . OMe 

I 

CHaOMe 

2:3:5: 6-Tetra- 
methyl-glucose 


(III.) 

COOH 

H.C. OMe 

1 

MeO.C.H 

I 

H.C.OH 

I 

H . C . OMe 

I 

CHaOMe 

2:3:5: 6 -Tetram ethyl- 
gluconic acid. 

^ ' 


(V.) 

COOH 

H.C. OMe 

I 

MeO.C.H 

COOH 

+ 

COOH 

I 

COOH 


(IV.) 

CO — — 

! 

H . C . OMe 

i 

MeO . C . H 

■ I 

H . C- 

I 

H.C. OMe 

CHaOMe 


Ab there is no doubt about the structure ^ of the lactone (IV.) 
it is easy to work backwards to the structure of y-glucose itself, 
which can be inferred from that of the y-methylglucoside (I.). 
On this evidence, y-glucose must have the structure shown below; 


3- Haworth, Constitution of Sugars (1929), p. 19. 
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CH.OH 

j 

H . C . OH 

I 0 

HO . C . H 

1 

1 

. — J. 

i 

i 

H.C.OH 

CHgOH 

y-Glucose. 

4. The Fructoses 

Since fructose is associated with glucose in the sucrose 
molecule, it seemed advisable to determine whether fructose 
also was capable of existing in a labile form, as this would open 
the way to the investigation of the sucrose structure. The" 
results obtained in this field by Irvine and Eobertson ^ were 
of unexpected complexity. Clear evidence was obtamed that 
fructose reacts in two forms. (1) A compound containing a 
normal oxide-ring and existing in two modifications termed the 
a- and ^-forms. On methylation each of these gives rise to a 
tetramethyl-fructoside which maybe hydrolysed to atetramethyl- 
fructose. These, like the parent sugar, are lasvo-rotatory and 
may be supposed to have the same type of oxide-ring. This fruc- 
tose type is not attacked by permanganate, should not combine 
readily vith acetone, and should give rise to stable fructosides. It 
is represented by the ordinary crystalline form of fructose. (2) A 
more reactive compound, now known as y-fruotose. This variety 
of fructose is highly reactive, combines readily with acetone, and 
reduces permanganate solution. Fructosides derived from this 
type of fructose are hydrolysed by acids in low concentrations. 

The views of Irvine and Eobertson received strong support 
from other facts discovered at a later stage.® It is well known 
to every chemist that when dextro-rotatory cane-sugar (sucrose) 
is hydrolysed with dilute acids, the resulting mixture of glucose 

3. Irvine and Eobertson, J,, 1916, 109, 1305* 

^ Haworth and Law, J., 1916, 109, 1314. 
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and fructose is tevo-rotatory, whence is derived the term in- 
version to describe the process. The origin of the change in 
rotatory power is found in the fact that the dextro-rotatory 
sucrose molecule is split up into a dextro-rotatory glucose 
molecule and a lee vo-rotatory fructose molecule of much higher 
rotatory power. The result of this is that the mixture possesses 
tevo-rotation. Now when sucrose is methylated and hydrolysed, 
the octamethyl-sucrose splits up into tetramethyl-glucose and 
tetramethyl-fructose ; but no inversion of the sign of the rotatory 
power is observed. This apparent anomaly is due to the fact 
that the methylated fructose residue., differs from ordinary 
fructose in being strongly dextro-rotatory instead of showing 
la3vo-rotation. This furnishes conclusive proof that the fructose 
molecule is capable of existing in two different forms. As com- 
bined in the sucrose molecule, it is in the y-form ; and during 
the inversion of sugar it reverts to the normal stable fructose 
type. If this intramolecular rearrangement is prevented by 
methylation, which locks the molecular structure, then the 
product of inversion is the tetramethyl-derivative of the y-form 
and not a derivative of the normal form. This conception of 
the matter is reinforced by the fact that tetramethyl-fructose ^ 
derived from the methylation of methyl-fructoside differs greatly 
in physical and chemical character from the tetramethyl-fructose 
obtained from octanaethyl-sucrose. The former compound is 
stable towards permanganate, the sucrose product is unstable 
in presence of permanganate ; and the two substances present 
the contrast in rotatory power which was referred to above. 

Fructose, then, exists in two structurally different forms. 
With regard to the normal variety, the following evidence throws 
light on the constitution. 

Fructose yields two methyl-fructosides, which are designated 
as a- and j3-methyl-fmctoside.^ Methylation ^ of (B-methyl- 
fructoside (1.) yields 1 : 3 : 4 : 5-tetramethyl-fructoside (II.). 
Since there is no reducing group in the terminal position, this 
substance might be expected to be more stable than corresponding 
compounds derived from the aldoses ; and in practice it is found 
that bromine water has very slight effect on the methylated 

^ Purdie and Paid, i/., 1907, 91, 296. 

^ Hudson, J, Jm^r. Chem, Soc., 1916, 38, 1216. 

3 Purdie and Paul, J., 1907, 91, 289 ; Steele, J., 1918, 267. 
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fructoside. Digestion with nitric acid,i however, leads to 
oxidation of the -CH^OMe group, with the production of 
trimethyl-fructuronic acid (HI.)- (Arabo-trimethoxy-glutaiic 
acid is formed as a by-product in this reaction.) When trimethyl- 
fructuronic acid is oxidized with acidified permanganate it yields 
c?-2 : 3 : 4-trimethyl-S-arabonolactone (IV.), which proves to be 
an optical enantiomorph of the product obtained by the action 
of bromine water upon Z-trimethyl-arabinose. Further oxidation 
converts (III.) into <Z-arabo-trimethoxy-glutaric acid (V.),^ which 
is the optical antipode of the compound obtained by oxidation 
of 1-trimethyl-arabinose. 

(I.) (11.) 

CHaOH CHaOMe 


r- — (MeO)C 

I 

HO.O.H 

0 I 

H.C.OH 

1 

H.C.OH 

I 

-CHa 

Normal p-methyl-fruotoside. 


I (MeO)O 

i 

MeO . C . H 

0 1 

H . C . OMe 

H.C.OMe 

— -CHa 

1 : 3.: 4 ?5-tetramethyl-fi?uotoside. 


0 


(III.) 

(H0)0 

1 

MeO . C . H 

1 

H . C . OMe 


(IV.) 
CO— - 

I 

MeO.C.H 

1 

H.C.OMe 


0 


(V) 

COOH 

I 

MeO.C.H 

1 

H.C.OMe 


H . 0 . OMe 
1 

CHa 

Trimethyl- 
fructuronic acid. 


H . C . OMe 

CHa 


d-2 ; 3 : 4-Triiiiethyi- 
3 - ar abonolact one . 


H.C.OMe 

I 

COOH 

d!-Arabo-trimethos:y- 
giutaric acid. 


1 Haworth and Hirst, J., 1926, 185S; Haworth, Hirst, and Learner, J., 
1927, 1040 ; Haworth, ConstUuiioti of Sugars (1929), p. 34. 
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These results seem to leave no doubt that normal fructose lias 
the following structure : — 


CH^OH 

i 

(HO)C 

1 

HO.C.H 

0 I 

H . C . OH 

H . C . OH 

I 

CB, 

Normal fructose. 


5. Sugars as Pyranoses and Furanoses 

As normal hexoses and pentoses such as glucose, fructose and 
arabinose exist in the form of six-atom rings, and the labile or 
y-sugars have a five-atom ring structure, they are regarded as 
being derivatives of pyran (1.) and furan (IL) respectively. It 
has consequently been proposed that such sugars should be 
named pyranoses and furanoses, and their formula brought 
into line with those representing pyran, furan and their other 
derivatives. Thus the formula (IV.) of p-glucose becomes 
structure (V.) 


(1) 


0 

HC'^ ME 
!! I! 
HC CH 

V 

/^\ 

H H 


EQ'^ ^CH 


HC- 


(II) 


-CH 


0 CHoOH 
I 2 
0- — — 0 


\ PH 


\/' 

/ vOH 

M-jy H 

I I 
.H. - OH 

(V) 


■HO. 




9 


1 


H-C-OH 2 
HO-C-H 3 
H-C-OH 4 
H~C-OH 5 

/C-PH 6 
B I 

" H 

(ni) 


HO^ H 

qC — 


H-C-OH 

HO-C~H 

H-C^H 

H-C~ 
I 


CHgOH 


(IV) 


0 


6o 
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In structure (V.) tire heavy lines indicate that the attached - 
group or atom is above the plane of the ring. When the reader 
builds up this ring structure with model atoms from the^ open 
chain aldehyde structure of glucose (III.), it will be noticea that 
in bringing about ring closure to form the pyranose (V.) the 
hydrogen atom attached to carbon atom 5 swings round to the 
position opposite to that shown in structures (HI.) and (I\ .), 
and the — CH 2 OH group takes the place vacated by the 
hydrogen atom. This gives on one side of the pyranose ring 
the groups -CH,OH, -H, -OH, and H attached to carbon 
atoms 5, 4, 3, and 2 respectively. The structure (V.) 
shown represents (S-glucose. When the hydroxyl group and 
hydrogen atom attached to carbon atom 1 are reversed a- 
glucose is represented. Dealing with other formulae in^ the 
same way fructose (VI.) becomes (VII.), and arabinose (IIII.) 
becomes (IX.). 


HO. 


CH,OH 1 




HO-C-H 
H-C-OH 
H-9-OH 
6 — — CH 2 
(VI) 

H OH 

H-C-OH 

HO-^-H 

/Cv- 

H H 
(VIII) 


1 CHjOH 
,C 3 




V 

eC 




c— c 

I I 
OH OH 

(VII) 


\ 

H 


C— 


H 

yv. 

A OH 
HO \l_ 

k 


■a 


\7 




-c 

1 

H 


H 


(IX) 


The derivatives of the y-sugars fall into line as furans. Thus 
y-glucose (X.) becomes (XI.), and y-arabinose (XIL) becomes 
(XIII.)^ 

These ring formulae have the advantage of making clearer 
many of the sugar reactions. 


1 Haworth, The Gomtitution of Sugars, 1929. 
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\ /OH 

Y— 

HO-C-H 
I 

H-C' 
H-C-OH 


0 


(X) 


OHgGH 


H-C-OH 


1 


H-<? 

' Cl 

(XII) 


CHgOH 


CHOH 


HOC 




-C~CH-OH 
H CH,OH 


(XI) 

CHOH 

ho-c4 "^0 

I OH 1 

H~C<— C-CHoOH 

I ^ 

H 

(XIII) 


6. The Ufonic Adds 

When the primary alcoholic group of a reducing mono- 
saccharide such as glucose (I.) or galactose is oxidized to a 
carboxyl group, a uronic acid (II.) results. 

CHsOH GOOH 

=\ A °\ N /I °\ 

ho/ \^?Aoe go/\f ?Aoh 

k 6 h ± OH 

(I) Glucose. (II) Glucuromo acid. 

The three dextro-acids derived from glucose, galactose, and 
mannose respectively are of interest as they occur in both the 
vegetable and animal kingdoms. d!-Glucuronic acid has been 
isolated from gum arabic and the henucelluloses, and occurs in 
combination in the glycoproteins ; c^-galacturonic acid is the 
chief constituent of pectin,*^ and is present in polyuronides in 
a number of plant gums, mucilages and hemicellulGses ; c?-man- 
nuronic acid, which readily reverts to the lactone, has been 
isolated from various marine algm. cZ-Galacturonic acid has 
been synthesized from c^-galactose (III.) in the following way. 
The diacetone-derivative, galactose diisopropylidene ether (IV.) 

* See Chapter IV. 
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was prepared by condensing the sugar with acetone in the presence 
of sulphuric acid. THs derivative was oxidized with potassium 
permanganate to dmopropylidene-d-galacturonic acid (V.) which 
on hydrolysis with hot water yielded d-galacturonic acid (VI.).i 


CH2OH 

V 


/ 

OH 


HO^ /I® \ ? 

A OH H / \ 

if V 2r ■ 


(III) galactose 


COOH 


HQ 




/ 

H 


CH«OH 

I ^ 

C 0. 


OH 


C0(GH3)2 
H2S04 ^ 


0, 

(CHs)i^ 

0- 


./s 

I 

H 

(IV) 


\ 


H 

h/\ 


KMnO, 


‘0 

koush 


COOH 
I . 


\/ 

\0H H A 

OH 

k OH 

(VI) galacturonic acid 


hydrolysis 


0 V / T 


(OH*? 

0 


H 


\/ 


._jAp 

|“^Vc'(CHg)2 
(V) 


c?-Maiinuroiiic acid in the form of its lactone lias been obtained 
from (Z-mamiose by two different methods. In one method 
mannose was converted into a-methylmannoside 2 . 3-mono- 
acetone. The primary alcoholic group was then oxidized by 
potassium permanganate to a carboxyl group. The acetone 
group was next split off by dilute hydrolysis to produce a-methyl 
c?-mannuronide. This glycoside was hydrolysed and the lactone 
of c?-mannuronic acid isolated.^ In the second methodj which 
is an adaptation of the original procedure employed by Fischer 
and Piloty for the synthesis of (Z-glucuronic acid,® ci-mannose 
(VII.) was converted into cZ-mannonic acid (VIIL) by electro- 
lytic oxidation.* This acid was further oxidized by nitric acid 
to d!-mannosaccharic acid dilactone (X.). The dilactone was 
reduced by sodium amalgam in the presence of sulphuric acid. 


^ Nieman and Link, J, BioL Ghem,, 1934, 104, 95, 743 ; 1934, 106, 773. 

- Auld, Haworth, and Hirst, J., 1935, 517. 

^ Fischer and Piloty, Ber., 1891, 24, 521. 

* The process is carried out in the presence of calcium bromide, electro* 
lyticaEy formed bromine effecting the oxidation. Calcium carbonate is also 
present to produce crystalline calcium mannonate. 
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^ After purification c^-mannuronic acid in tlie form of its barium 
salt was isolated. Tbe salt was decomposed by acid and i- 
mannuronic acid lactone (XI.) ^ isolated. Tbe structures are as 
follows : — , 


CHoOH 

® . \ ? KMnO^ 


nAvf/ 




»OH 


H 


HNO. 


H 


■pOOH 




C« 

t I 
H H 


\k 


m'" 


(VI I) mannose 


\OH O^COOH 
H 

(VIII) 




0:C« 

! 

VV V 

A A 

(XI) mannuronic acid 
lactone 


Na 


amalgaih 



These syntheses of galacturonic and mannuronic acids from 
compounds of known configuration serve to establish their 
identities, and they, like their parent sugars, can exist in the 
a- and ^-forms. 


E.— The Disaccharides 


1. Sucrose 

As most first-year students know, the hydrolysis of cane sugar 
yields a mixture of glucose and normal fructose; from which 
evidence it seems a simple matter to infer the constitution of 
the disaecharide. Further investigation, however, proved that, 
matters were not quite so simple as they appeared. 

Methylation of sucrose produces octamethyl-sucrose ; and 
when this is hydrolysed, it yields a mixture of methylated glucose 
and methylated fructose. The octamethyl-sucrose has a rotation 
^ Nieman and Link, J. Biol. 1933, 100, 407. 
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M =4- 66-5°, wHlst tlie mixture after hydrolysis has 
_ _j_ 56-5° • so that there is no change of sign as a conse- 

qinceofthehydrolysis,andthecaseisnotsimilartotheproduction 

of ordinary invert sugar from sucrose. To account for tnese 
phenomena, Haworth and Law^ suggested that m the sucrose 
molecule, the fructose fragment exists in the y-structure, but tnat 
when sucrose is hydrolysed, the liberated fructose reverts to 
the normal constitution. In the case of the methylated sucrose, 
however, the liberated fructose cannot change its structme 
owing to the presence of the methyl groups, and hence the 
substance produced by hydrolysis in this instance is a methylated 
Y-fructose and not a methyl derivative of normal fructose. 


Sucrose 

I 

Glucose -h 
(normal) (labile) 

•I 

Fructose 

/'normals 


Methylated Sucrose 

I 

Methylated glucose + Methylated y-fraotose 
(normal) (stable) 


This idea received confirmation from further investigations 
by Haworth,® who isolated the pure methylated fructose frag- 
ment from the hydrolysis products of octamethyl-sucrose, and 
proved that it was a tetramethyl-fructose with properties different 
from those of the tetramethyl-derivative obtained from normal 
fructose. 


Octamethyl-sucrose 


/ 

\ 

Not 

Trimethyl- 

Tetramethyl- 

identical 

glucose 

y-fructose 


Normal fructose 


Tetramethyl" 
normal fructose 


Evidently, in order to establish the constitution of sucrose, it is 
essential to determine the structure of tetramethyl-Y"^-’^^^^^®^’ 
This was achieved in the following manner.® 

Sucrose was methylated and hydrolysed. The tetramethyl- 
Y“fructose (I.) thus obtained was treated with nitric acid, wherebj 
a terminal group was oxidised, with the loss of a methoxyl 


^ Haworth and Law, 1916, 109, 1314. 

" Haworth, J., 1920, 117 , 199. 

® Haworth, Hirst, and Nicholson, 1927, 1513 ; Avory, Haw^orth, and 
Hirst, ibid,, 2308 ; Haworth, Hirst, and Learner, ibid,, 2432. 
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. radicle. Tlie resulting trimetliyl-fructnronic acid (II.) reduced 
Fehling’s solution ; but wben tbe reducing group was protected 
by metbylation, the reducing power vanished. 

When the trimethyl-fructuronic acid (II.) was treated with 
permanganate and dilute sulphuric acid, it yielded 2:3:5- 
tiimethyl-cZ-arabonolactone (III.), which had a rotation equal 
in magnitude but opposite in sign to that of the laevo-variety, 
which had previously been isolated from Z-trimethyl-y-arabinose. 
Further oxidation with nitric acid converted the lactone from 
sucrose into Z-dimethyl-tartaric acid (IV.), 

The only manner in which these results can be fitted together 
satisfactorily is shown in the following formulse : — 


(I-) 

(ii.) 

(III.) 


(IV.) 
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1 
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HO . 0 
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H.C. OMe 

1 
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CHg.OMe CHs.OMe CHg . OMe 


1 : 3 : 4 : 6-Tetramethyl- 

Trimethyl- 

d -2 : 3 : o-Trimethyl- 

Z-Dimethyl- 

fructose. 

fructuronic 

acid. 

y-arabonoiactone. 

tartaric acid. 


This establishes the following constitution of y-fructose : — 

CH2.OH 

I 

HO . C— i 


HO . 0 . H 1 

I 0 

H . C . OH 

I 

H.C ~J 

I 

CHg.OH 

y-Fructose 
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Atifl now, since the glucose fragment of sucrose is a normal - 
glucose, it is possible to link up the normal glucose and y-fructose 
portions in the following manner, through the unmethylated 
group in the formula (I.) above, so as to form the complete 
sucrose molecule : — 

Sucrose 

GHo.OH 

I “ 

_0 C 1 

HO.C.H 

I 0 

0 H.C.OH 

H.C 

i 

CHa.OH 

CHaOH 

formal glucose fragment. fragment. 

As has already been pointed out, when sucrose undergoes 
hydrolysis, the labile y-fructose thus liberated is immediately 
transformed into the stable variety of fructose. 



2. Maltose 

When treated with dilute acids, the disaccharide maltose 
yields glucose exclusively as a hydrolysis product. It must, 
therefore, be built up from two glucose molecules ; and the main 
point of interest lies in the determination of the manner in which 
the two monose molecules are united. But the importance of the 
maltose constitution ranges far beyond the structure of a single 
compound. The fact that diastase breaks down the starch 
molecule with the liberation of maltose is sufficient to indicate 
the prominence which the maltose structure attains in the 
chemistry of the higher carbohydrates. 
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For reasons whicli liave already been given in connection 
witb other sugars, it would be useless to attack the maltose 
problem through maltose itself, since during the hydrolytic 
degradation reactions there might be changes in the structures 
of the two glucose nuclei. As in other cases, methylation is 
the best available method of preventing such alterations, and 
this was first utilized by Purdie and Irvine^ early in this century. 
Unfortunately, the action of silver oxide proved to be more 
complicated than had been hoped, since oxidation occurred 
at the reducing group of the sugar ; yet one decisive result was 
attained. Crystalline tetramethyl-glucose was isolated from the 
reaction-products ; and this revealed the structure of one-half 
of the maltose molecule to be the following, if the amylene-oxide 
formula for glucose be adopted : 

CH^OH . CH . CH(OH) . CH(OH) . CH{OH) . CH--0— 


The non-reducing glucose residue of maltose. 

A second attack on the problem was made later on by Irvine 
and Dick,^ by means of complete methylation of methylmaltoside 
and an identification of the hydrolytic fission products ; but it 
also met with unexpected obstacles, since the preparation of 
methylmaltoside, by the method employed, was found to involve 
the degradation of the sugar so that a methylated pentose 
appeared among the reaction-products. 

A third attempt to solve the problem was made by Haworth 
and Leitch,® who applied the methyl-sulphate method to maltose 
in two stages, the first step being intended to convert maltose 
into methylmaltoside which was to be completely methylated 
in the second application of the reagent. The methylated 
methylmaltoside was then hydrolysed, and two methylated 
glucoses were identified in the products, one being tetramethyl- 
glucose; The new point of interest was reached when it was 
found that the second product was a trimethyl-glucose ; and since 
this must be the key to the structure of the second half of the 
maltose molecule, its nature is of vital importance. 

^ Purdie and Irvine, 1905, 87, 1022. 

2 Irvine and Dick, «/., 1919, 115, 593. 

® Haworth and Leitch, J., 1919, 115, 809. 
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' The sugar isolated by Haworth and Leitch was a syrup and 
was believed by them to be the liquid trimetliyl-giucose in which 
the terminal — CH 2 OH group is unsubstituted. Adopting the 
amylene-oxide structure, such a substance has the formula 

: CHgOH . CH .■ CH(OMe) . CH(OMe) . CH(OMe) . CH . OH 


Implicit in this formulation is the conception that the two 
hexose nuclei in maltose are united through a terminal alcohol 
group ; since only such groups are available for the purpose, 
owing to the remainder being blocked by methyl radicles. 

The foregoing view of the trimethyl-glucose isolated from 
maltose could not, however, be reconciled with the results ob- 
tained in the methylation of starch and glycogen, which will 
be dealt with presently ; and at a later date it was shown by 
Irvine and Black ^ (and independently by Cooper, Haworth, and 
Peat 2) that this trimethyl-glucose is not 2 : 3 : 4-trimethyl- 
glucose (as had been assumed) but instead was 2:3:6- 
trimethyl-glucose : 

* CHgOMe . CH . CH(OH) . CH(OMe) . CH(GMe) . CH . OH 

! ^ — ^ 0 --— — 

At first sight, this correction may appear to settle the problem, 
of the maltose structure, since apparently we have now a know- 
ledge of both halves of the maltose molecule. Confidence in 
this view must be shaken, however, when it is recalled that the 
number of diglucoses which can qualify for this mode of linkage 
is much greater than the stereochemical possibilities will permit. 
Thus the enigma of the maltose constitution apparently remains 
as insoluble as before. 

Irvine and Black have pointed out a possible explanation 
of the phenomena. Suppose that two disaecharides had the 

^ Irvine and Black, J"., 1926, 129, 862. 

2 Cooper, Haworth, and Peat, J,, 1926, 129, 876. 
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structures shown respectively in (A) and (B), in which E repre- 
sents in each case the non-reducing hexose residue shown on 
p. 67. On methylation, the compound (B) would yield the stable 
form of 2:3: 6-trimethyl glucose by direct reaction between 
the reagents. The compound (A), however, might yield the 
same derivative if an intramolecular change takes place sub- 
sequent to (or during) methylation and hydrolysis as shown in 
the formulse : 


- -CH . OH 

I 

CH.OH 

0 i 

CH.OH 

I 

— CH 

CH— 0— E 
CH2OH 

(A) 

Methylation. 
and hydrolysis. 


CH.OH 
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CH . OH 
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CH 

I 

CH2OH 

(B) 

Methylation 
and hydrolysis. 


I CH . OH 

CH.OMe 

0 I 
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— CH 

CH.OH 

CH^OMe 

Unstable type. 


— OH . OH 
CH . OMe 
0 CH.OMe 

I 

CH.OH 
— CH 

CHaOMe 

Stable type. 
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This reasoning leaves open a choice between two possibilities 

in deciding upon a formula for maltose : 


-CH.OH 

CH.OH 

6 1 

CH.OH 

! 

— CH 

CE— 0-CH 

CHgOH (CH . 0H)3 0 

CH — ^ 

(A) 1 


CH .OH 

CH.OH 
0 CH.OH 

ch-o-ch— — I 

-CH (CH . 0H)3 0 

CHgOH OH — 1 

CHgOH 

(B) 


CHgOH 

Alternative formulae for maltose. 


The choice between these alternatives can be made on the 
following evidence.! Maltose was oxidized to maltobionic acid. 
By methylating this last substance, octamethyl-maltobionate 
was obtained. 


COOMe , 

CH 

1 

CH.OMe 

1 

CH.OMe 

1 0 

CH . OMe ' 

1 

CH . OMe 

1 

CH- — 

1 

CH . OMe 

1 

1 

CH . OMe 

1 ' 

1 

CH— 

1 

CHaOMe 

CHgOMe 


Octamethyl-maltobionate . 


1 Haworth and Peat, J., 1926, 129, 3094. 
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' On hydrolysis, this yields 2:3:5; e-tetramethyl-y-gliicono- 
lactone 

CO 

I 

CH.OMe 

0 

CH . OMe 

I 

*CH 

I 

CH.OMe 

I 

CHaOMe 

from the left-hand section of the structure. This establishes 
the position of the linkage between the two sugar groups as 
being at the point marked with an asterisk, and this proves 
that the maltose formula (B) is correct. 

3. Lactose 

The constitution of lactose has been inferred by methods 
analogous to those which have just been described. On complete 
methylation,^ lactose yields a heptamethyl-methyllactoside, the 
cleavage products of which, after hydrolysis, are found to be 
2:3: 6-trimethyl-glucose and a tetramethyl-galactose. This 
last substance has been shown ^ to contain an amylene-oxide 
ring ; so the lactose structural formula must be identical with one 
of the alternative formulae for maltose which have j ust been given. 
The difference between the two sugars lies in the configurations 
of the non-reducing portion of the molecules. In maltose, this 
has the glucose configuration, whilst in lactose the non-reducing 
portion has the same configuration as the galactose molecule. 

The constitution of the disaccharide cellobiose has been 
attacked in an analogous manner; but as its structure is inti- 
mately connected wdth the cellulose constitution, a discussion of 
its molecular arrangement will fall into place more appropriately 
at a later stage, in the section dealing with cellulose.^ 

^ Haworth and Leitch, 1918, 118, 188. 

® Prvde, J., 1923, 123, 1808; Haworth. Etiell, and Westgarth, J., 1924, 
125, 2468. See p. 83. 
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This substance is a trisaccharide, CjgHgjOig, which is found 
in gentian roots. On partial hydrolysis with acids or by means of 
invertin, it can be decomposed into d-fructose and a disaccharide 
named gentiobiose. Gentiobiose can be synthesized from 
glucose by the action of emulsin,^ but this merely proves that 
gentiobiose is built up from two glucose molecules and tells 
nothing with regard to which hydroxyl group of one sugar 
molecule is attacked by the aldehyde radicle of the second 
glucose molecule during the condensation. 

Haworth and Wylam ^ have cleared up the matter in the 

r-CH . OH CH,OH CH . OMe CHgOMe 


Gentiobiose, 


Heptamethyi-metbylgentiobioside. 


CHgOH OHg- ' 

Trimetbyl-glucose. Tetrametbyl-glucose. 

1 Bourqnelot, Herissey, and Coirre, Compt. rend,, 1913, 157, 732 ; compare 
Georg and Pictet, Eelv. Chim, Acta, 1926, 9, 444. 
s Haworth and Wylam, 1923, 123, 3120, 
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following manner. Gentiobiose was metliylated by means of 
methyl sulphate followed by an application of the silver-oxide 
method ; and in this way a heptamethyl-metliylgentiobioside 
was obtained. On hydrolysis, this heptamethyl-derivative broke 
up into two methylated monoses which are now known to be 
2:3: 4-trimethyl-glucose and 2:3:4: 6-tetramethyl-glucose. 
These facts indicate that the decomposition of gentiobiose can 
be expressed by the formulae on p. 72. 

Now the trisaccharide gentianose is built up from gentiobiose 
and fructose, since it can be decomposed into these constituents 
on hydrolysis ; but further light is thrown on the gentianose 
structure by the fact that some emulsin preparations split the 
gentianose molecule at a different point, producing sucrose and 
glucose. Assuming that the y-fmctose nucleus exists in the 
butylene-oxide form,* this suggests that the full structure of 
gentianose can be written thus : — 



G. — Some Glugosibe Constitutions 
1. General 

In the foregoing pages, an outline has been given of the 
methods by which the constitutions of the monosaccharides and 
the simpler polysaccharides can be investigated. The next series 
of compounds is the glucoside class with which the present 

* See p. 65. 
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section is concerned ; and here also it will be found that meth}da- 
tion has played the part of a master-reaction, since it has furnished 
the main evidence in the subject. 

Any exhaustive study of a glucoside must include the follow- 
ing problems : — 

I. The sugar and the non-saccharine constituent must be 
identified. This can be achieved by subjecting the glucoside to 
hydrolysis either with dilute acid or by the action of an enzyme. 

II. The mode of union between the sugar and the remainder 
of the glucoside must be determined. In cases where the non- 
saccharine constituent contains only a single hydroxyl group, 
no doubt can exist on this point ; but if the sugar be combined 
with a polyhydroxy-molecule, the complexity of the problem is 
considerably increased. 

III. Since glucosides exist in a- and p-forms, the configura- 
tion of the material under examination must be ascertained. 
This question can generally be answered by a study of the action 
of emulsin on the glucoside, since this enzyme is apparently a 
specific enz 3 niie for j3-alkylglucosides. If emulsin hydrolyses 
the given glucoside, it is fairly safe to infer that the glucoside 
is derived from p-glucose. 

IV. After settling these three points, there still remains the 
investigation of the cyclic grouping in the sugar nucleus ; and it 
is with this last problem that we are mainly concerned here. 

2. Salicin 

Our knowledge of the intimate constitution of salicin is due 
to the w^ork of Irvine and Rose.^ When salicin is hydrolysed 
by emulsin, it yields glucose and saligenin (salicylic alcohol). 
This proves that it is the glucoside of saligenin and, further, 
that it is a ^-glucoside, since it is sensitive to emulsin. Since 
saligenin contains a phenolic hydroxyl as well as a primary 
alcoholic radicle, it is evident that the sugar has two possible 
points of attack during the formation of the glucoside from its 
constituents. The choice between these is easily made. WTieii 
the glucoside salicin is oxidized with nitric acid, it yields helicin 
which is the glucoside of salicylic aldehyde : — 

CeHiiOg . 0 . . CHO 
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^ Obviously, from this evidence, salicin must contain a primary 
alcoholic group which is oxidized to the aldehyde radicle ; and 
hence it must be inferred that the primary alcoholic group is 
present in salicin. This implies that the linkage in the glucoside 
is through the phenolic oxygen ; and the structure of salicin must 
therefore be 

CeHiiOg . 0 . CgH, , CHgOH 

Irvine and Eose methylated salicin and obtained a penta- 
methyhsalicin. The obvious succeeding step would seem to be 
the hydrolysis of this substance and an identification of the tetra- 
methyl-giucose which must thus be obtained ; but unfortunately 
owing to the properties of the pentamethyl-derivative, this 
method broke down. Irvine and Rose solved the problem in 
another way. From tetramethyl-glucose and salicylic alcohol, 
they prepared a synthetic glucosidal product and on methylating 
this in turn, they obtained a pentamethyl-glucoside identical in 
every respect with the pentamethyl-derivative produced by 
methylating natural salicin. 

This establishes the fact that the glucose nucleus in salicin 
has the same oxide-ring as ordinary glucose, since methylation 
of the two compounds leads to the same end-product. And 
since it has been established in a foregoing section that the 
tetramethyl-glucose employed contains the amylene-oxide ring, 
it is evident that this ring is also present in the salicin molecule. 

The structure of salicin can therefore be expressed by the 
formula:— 

CHgCOH) . CH . GH(OH) . OH(OH) . CH(OH) . CH . 0 . . OH^OH 


Salicin. 
d. Indican 

On hydrolysis, indican yields d-glucose and indoxyl, Macbeth 
and Pryde ^ have established the normal nature of the sugar 
structure by the following method. Indican was methylated by 
the silver oxide method and a tetramethyl-indican was thus 
formed. JSTow since the indoxyl part of the molecule might 
possibly be affected by the methylation, it was essential to prove 
that all the four methyl groups were attached to the sugar 
1 Macbeth and Pryde, J., 1922, 121, 1660. 
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nucleus. For this purpose, the production of indirubin was 
utilized as a test. Baeyer^ showed that indoxyl and isatin 
yield indirubin by condensation ; and this reaction has been 
shown to be satisfactory as a method of estimation.^ On sub- 
mitting tetramethyl-indican to the reaction, Macbeth and Pryde 
found that indirubin was freely produced, proving that the 
methylation does not affect the indoxyl portion of the giucoside 
molecule. 

In order to hydrolyse the methylated indican and isolate the 
methylated sugar, advantage was taken of a method devised 
by Irvine and Rose whereby the methylated giucoside is treated 
with, methyl alcohol containing 1 per cent, hydrogen chloride. 
This reagent overcomes the somewhat stubborn resistance which 
these alkylated glucosides present to ordinary hydrolytic agents. 
As was to be expected, the product of the hydrolysis under these 
conditions was a mixture of a- and (3-tetramethyhmethyIglucoside 
the indoxyl group being replaced by a methyl radicle. 

Since the tetramethyhmethylglucosides obtained from indican 
are the same as those obtained by the methylation of the ' 
ordinary a- and jB-methylglucosides derived from glucose, it 
is evident that indican’s sugar constituent has the same type 
of oxide-ring as glucose itself; and the formula of indican 
can be written thus : 

CHg . OH , OH . CH(OH) . CH(OH) . CH(OH) . CH . 0 . 



Indican. 


4. Arbutin 

Macbeth and Mackay ^ have established by similar methods 
the existence of the normal amylene-oxide ring in the giucoside 
arbutin. On hydrolysis, arbutin yields glucose and hydroqui- 
none ; and since it is attacked by emulsin, it must be regarded as 
a p-giucoside. On methylation with methyl sulphate and alkali, 
it yielded a pentamethyl-arbutin. Since on hydrolysis with 
1 per cent, hydrogen chloride in methyl alcoholic solution, the 

^ Baeyer, Ber., 1881, 14, 1745. 

“ Beyerinck, Proc. K. Alcad, Wetemch. Amsterdam, 1899, 2, 120 ; Orchard- 
son, Wood, and Bloxam, J, Soc, OMm, Ind., 1907, 26, 4. 

® Macbeth and Mackay, J,, 1923, 123, 717. 
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'* peiitametliyl-arbutiri liberated a mixture of a- and ^-tetramethyl- 
metbylglucosides, it is evident that tbe methylated arbiitin has 
one methyl group in the hydroquinone nucleus and four methyls 
in the sugar portion^ for hydrolysis does not remove methyls 
attached to the normal hydroxyl groups of the sugars. On 
examinationj the tetramethyl-giucose obtained by the hydrolysis 
of the methylglucoside mixture was found to be identical with 
the tetramethyl-derivative yielded by ordinary c?-glucose. This 
provest hat the normal amylene-oxide structure is present in 
arbutin, which therefore must have the formula : 

CH^OH . GH . CH(OH) . CH(OH) . CH(OH) , CH . 0 . . OH 



Arbutin. 


This inference is confirmed by the fact that Macbeth and 
Mackay succeeded in synthesizing from tetramethyl-giucose and 
hydroquinone monomethyl-ether a pentamethyd-arlbutin identical 
with that obtained from natural arbutin by methylation. 

6. Amygdalin 

The present survey of the glucosides may be closed with 
an account of the synthesis of amygdalin.^ Amygdalin occurs 
naturally in bitter almonds and has the composition expressed 
by C20H27O11N. On treatment with zymase, it is split up into 
one molecule of glucose and one molecule of Z-mandelonitrile- 
glucoside, from which the single remaining glucose molecule 
can be removed by hydrolysis with emulsin. This behaviour 
suggests that amygdalin contains a biose and that its structure 
can be represented thus :• — 

CeH,-OH(CN)-^0-Ci2H2iO,o 

The biose has been found ^ to be gentiobiose, the structure of 
which has been elucidated in an earlier part of this chapter. 

When glucose is treated with emulsin, gentiobiose is formed.^ 
By the action of acetic anhydride saturated with hydrogen 
bromide, Campbell and Haworth converted gentiobiose into 
hepta-acetyl-p-bromo-gentiobiose by simultaneous bromination 
and acetylation. This product was condensed with dl-mandelic 

^ Campbell and Haworth, J., 1924, 125, 1337. 

3 Haworth and Wylam, J., 123, 3120. 

® Bonrquelot, Herissey, and Coirre, Cornet, rend., 1913, 157, 732. 
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etliyl ester in presence of silver oxide ; and the resulting material 
was identified as liepta-acetyl-cZZ-amygdalinic etliyl ester. From- 
it, fne amide of amygdalinic acid was prepared by tbe action of 
alcoholic ammonia, the acetyl groups being split off during the 
amide-formation. Re-acetylation in presence of pyridine yielded 
a pyridine compound with hepta-acetyl-amygdalamide ; and 
the stereoisomeric forms were separated from each other by 
fractional crystallization. Water was then removed from the 
acetyiated amide by digestion with phosphoric oxide in xylene 
solution ; and in this way hepta-acetyl-amygdalin was obtained, 
from which amygdalin itself can be prepared by de-acetylation 
with alcoholic ammonia.^ 

As this series of reactions is rather difficult to follow, a table 
may be useful to indicate their inter-relationship. 

Gentiobiose 

I Bromiiiation and acetylation. 

Aceto-[J“bromo-gentiobiose + fZZ-Mandelic ester 
Condensation. 

T 

d- and Z-Hepta-acetyl-amygdalinic ester 

^ Be-acetyiation and amidification, 

d- and Z-Amygdalamide 

Be-acetylation. 

(Z- and Z-Hepta-acetyl-amygdalamide 


Pjoridine Compound 

- Separation of stereoisomei ides. 

fZ-Hepta-acetyl-amygdalamide 

Dehydration. 

Amygdalin 


^ Fischer and Bergman, Ber.^ 1917, 50, (B), 1065. 
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SOME POLYSACCHARIBES 
A. — Inulin 
1. General 

Among the reserve-materials of certain plants, the compound 
inulin ^ occupies an important position. It is a faintly reducing 
compound and yields only fructose when it is hydrolysed. It 
differs from starch in various ways, one or two of which may 
be mentioned here. With iodine, starch gives the well-known 
starch-iodine blue colour ; whereas inulin has no such property. 
Starch is decomposed to maltose by diastase ; but inulin is stable 
% in presence of diastase. Starch is much less rapidly hydrolysed 
than inulin when dilute acids are employed ; and the end-product 
of the hydrolysis is d-glucose instead of being d-fructose as in 
the case of inulin. 


2. The ConstikiUon of Inulin 

When inulin was treated with methyl sulphate, the reaction 
progressed in one stage to the formation of a dimethyl-inulin 
Gorresponding to the formula [C6l:T803(0Me.)2],i ; and a further 
operation was required to obtain the final product, trimethyl- 
inulin, [CQpl 702 ( 0 Me) 3 ],j, On hydrolysis with 1 per cent, oxalic 
acid at 100® C., trimethyl-inulin was converted smoothly into 
trimethyl-fructose,* which appeared to belong to the y-series. 

^ Irvine and Steele, J"., 1920, 117, 1474; Irvine, Steele and Shannon, «/., 
1922, 121, 1060; Karrer and Lang, Helv. Ohim. Acta, 1921, 4!f 249 ; Haworth 
and Learner, J., 1928, 619 ; Drew and Haworth, iW., 2690 ; Preudenberg 
et al., Ber., 1928, 61, [B], 1735 ; Pringsheim dl,, ibid., 2018 ; 1929, 62, [B], 
2378; Annalen, 1928, 462, 231 ; Schlubach and Eisner, Her., 1928, 61, [B], 
2358; 1929, 62, [B], 1493. 

The yield of trimethjd-fructose from trimethyl-inulin exceeds 90 per cent, 
which seems to prove beyond doubt that all the fructose units of inulin are of 
the y4ype. 
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The constitution of tHs fructose derivative was esteblislied 
by a series of reactions indicated in tire formute below . 

CH,OH 

COOH 


HO .0- 


H 


COOH 
i...-..- 


MeO . C . H 

H.C.OMe 0 

1 1 

H.C ' 


MeO . 0 . H 

H.C.OMe 

1 

H.C 



MeO.C.H 

-> 1 
H.C. OMe 

COOH 


in OMe CH,OMe CH.OMe 

(f) (II.) 

The trimethyl-fructuronic acid (II.) was proved to be identical 
SS, r^ri™thyl-£r„cturonb acid 

obviously both inulin and sucrose contain the same kind ot 

trsrWtose). T^^PftT^'telSShox;- 

be established by working back from the fi 7 

succinic acid (IV.) ; and since this Proves that in>e on 
inulin molecule the hydroxyl groups m positions 1 and 2 a,re not 
mXlated it is clear that these groups are involvednn the 
together of the various fructose nuclei from which mu in 

'' ^Jfe gLral formula for inulin which would comply with these 
requirements is this : 


HOHaC^ 


Ha / \ / 
iC c^# 


0 




H;C- 
HO 


< 




CHa' 


\ 

?'^CH20H 


'^OH 


'-OH 9 

I \ 

two y-fructose (huctofuranose) nuclei 

■ 

wherein the two valencies indicated by asterisks are ass^ed to 
link still further Y-fructose units to the complex in the same 

Inulin is a faintly reducing substance and is readily 
hydrolysed by the mildest acid reagents. Depolymerization 
takes place in various other solvents, and molecular weight 

1 TTH.wnrtli and Learner, J 1928, 619. 
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Si 


determinations in sucli mediums as molten acetamide and liquid 
ammonia point to tlie complete rupture to a difructose compound. 
From acetylated inulin an 80 per cent, yield of iiexa-acetyl 
difructose anhydride (VI.) lias been obtained.^ 


(6) /O. 

CHs-C-O-CHa/ 

0 


tl) 

CHt 


«)C. 




/C- 

K 

h \ i'i''o-C'CH3 

O'C-CHa 0 
0 


\ 


-CH2 

H| 

CH,-CO 

'6 


(VI.) 


V 

/ \]K20'C*CH3 

- c 0 

H O-C'CHs 
0 


The facts are conveniently explained by formulating the 
inulin molecule as an open double chain (VII.) ; open, to account 
for the. faint reducing power, and double, to explain the ready 
formation of difructose compounds by scission at the oxygen 
links.^ 



The construction of a model of either difructose or trifructose 
will make it clear, however, that the stereochemical arrange- 
ments cannot be represented by a flat model, 

^ Bergmann and ICnebe, Annalen, 1926, 449, 302 ; Bergmaim, Ber., 
1926, 59, 2079. 

2 Hav/orth, Hirst and Percival, J., 1932, 2384. 

VOL. II. a 
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3. The Molecular Size of Inulin 

The end-group method of determining molecular size, which 
proved so useful in the case of cellulose,^ has also been success- 
fully applied to methylated inulin.^ In the preparation of 
methylated inulin all the reactions were carried out under the 
mildest possible conditions, and precautions were taken to test 
the homogeneity of the products obtained at different stages. 
From the final products of hydrolysis 1:3:4: 6-tetramethyl 
fructofuranose (y-fructose) was isolated in a quantity equivalent 
to 3*7 per cent, of the weight of inulin used. If methylated 
inulin be represented as the open chain compound (VIII.) com- 
posed of methylated fructofuranose units joined through oxygen 
at the positions 1 and 2 of the fructofuranose residues, it will be 
clear from inspection of the formula how the tetramethyl com- 
pound is produced. 



Hydrolysis to Hydrolysis to 3 :4: 6-Trimethyl fructofaranose 

1:3:4: 6-Tetramethyl and methyl alcohol, 

fructofuranose. 


(VIII.) 


This isolation of tetramethyl fructofuranose establishes the 
nature of one of the molecular chain terminal groups. The 
action of inulin on Fehling’s solution along with its instability 
in contact with alkali points to the presence of a free reducing 
group (2) (c) (VIII.) at the other terminal residue. In addition 
the quantitative separation of the tetramethyl compound 
permits the molecular chain length to be calculated as approxi- 
mately 30 fructofuranose units, corresponding to a molecular 
weight of about 5,000. This value agrees very v/ell with that 
estimated from osmotic pressure measurements.^ 


*** See p. 88. 

^ Haworth, Hirst and Percival, he. ciL 
^ Carter and Eecord, J. Soc, Chem, Irid., 1936, 218. 
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* B. — Cellulose 

1. General 

Tlie problem of cellulose’s constitution bristled with diffi- 
culties. Owing to the insolubility of tbe material in ordinary 
solvents, cbemical purification is beset with quite abnormal 
troubles. Tbe colloidal character of the material tliroivs out 
of account any normal method of ascertaining the molecular 
weight. And the possibility that intramolecular change or 
degradation will follow the use of even mild reagents adds to 
the obstacles in the way of investigators. Difficulties have, 
however, been overcome one by one. The adoption of Haworth’s 
1 : 5-glucopyranose formula for glucose; careful study of the 
products of methylation, acetylation and hydrolysis ; a more 
extended use of physical methods and the rejection of certain 
structural ideas have gradually narrowed down the issue and 
given clearer views of the molecular structure. Complex sub- 
stances of high molecular weight resulting from condensation 
^ or polymerization of simpler units may exist in three principal 
molecular forms. The linear type is the simplest and includes 
spiro chains and their modifications. The second possibility is 
large ring molecules,'^' and here the rings may exist in diverse 
shapes, varying from open patterns to collapsed elongated 
parallel closed systems related in form to the linear type of 
molecule. Lastly there is the network or cross-linked type, 
which obviously can be the most complex of the three groups. 
Cellulose is now classified as a linear type of molecule. As well 
as the problem of molecular structure there is an additional 
interest in cellulose. This material and its derivatives in the 
organized or oriented forms of wood, paper, textiles, plastics, 
lacquers and films play a prominent part in modem civilization, 
and it, therefore, becomes a matter of practical importance to 
study the orientation of the cellulose in the larger imits, the 
micelles, and to examine the property they possess, to an out- 
standing degree, of forming strong fibrils and films. 

2 . The Gonstitution of Cellulose, 

A normal cotton cellulose is represented by the formula 
(CgHxeOg)^, and the facts that glucose has been obtained in 
’i' See Vol. I, p. 79. ; ^ 
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90-67 per cent, yield as the end-product of hydrolysis mth ' 
sulphuric acid; and in the form of a mixture of a- and ^ ' 

glucosides in 95-5 per cent, yield; leave no doubt that cotton 
cellulose is essentially composed of glucose imits. _ A complete 
hydrolysis of cellulose should proceed according to the equation . 

(CeHioOs)^ + = wCeHiaOe 

In determining the manner in which the various monose 
nuclei are linked together in the polysaccharide structure, 
methylation has proved an indispensable weapon. Discardmg 
the silver oxide method, =>= Denham and Woodhouse ^ discovered 
that methyl groups can be introduced very simply y impreg 
nating cellulose with 15 per cent, solution of sodium hydrosde 
and then applying methyl sulphate. The process was fomd to 
take place in stages, more methyl groups being introduced with 

each successive treatment of the material. . i i x i 

Denham and Woodhouse « found that their methylated 
celluloses when subjected to the action of hydrolysing agents, 
did not lose the methyl radicles ; so that in this way a new Ime^ 
of attack on the cellulose problem was laid open. On subjectmg 
to hydrolysis a methylated cellulose containing 25 per cent, ot 
methoxyl, a trimethyl-glucose was isolated among the reaction- 
products ; and thus a definite reference-compound was obtained. 

Denliam and Woodliouse were able to identify tliis crystallme 
trimetliyl-glucose as the 2:3: 6-derivative ; so that, adopting 
the pyranose structure,^ its constitution is expressed by 


H 

^0(4) 
OH 


(6)CHoOCH3 

I 


a)OHOH 


00H3 
(3) 

I 

H 


H 


(2)J 


OCH3 


(I.) 


1 Monier- Williams, 1921, 119, 803. 

2 Irvine and Hirst, J., 1922, 121, 1585. < 7 .- 

3 Denham and Woodhouse, */*., 1913, 103, 1735 ; Denham, J., 1921, 119, li. 
Denham and Woodhouse, J., 1917, 111, 244. 

s Haworth, Nature, 1925, 116, 430 ; Drew and Haworth, J., 1926, 2303 ; 
Haworth, The Constitution of Sugars, (1929), pp. 34-40. 

. * See p. 44* 
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A glance at tliis formula will show that the positions 1 and 
4 in the molecule have not borne free hydroxyl groups during the 
methylation of cellulose ; and therefore these two points must 
be the positions at which the remaining parts of the cellulose 
molecule are linked on. 

It has been demonstrated that 2:3: 6-trimethylglucose, can 
be obtained in approximately 79 per cent, yield from cotton 
cellulose after methylation and hydrolysis^ 

A further glimpse of the cellulose constitution is gained 
from cellobiose. This disaccharide is related to cellulose as 
maltose is to starch, and is obtained from cellulose by incomplete 
hydrolysis either by means of acetic anhydride and concentrated 
sulphuric acid (acetolysis) or else by bacterial action. ^ 

Cellobiose is obviously composed of two glucose nuclei ; 
and for the present purpose the essential point is the manner 
in which these are linked. To solve this problem, the methyla- 
tion method was employed by Haworth and Hirst ^ ; and by 
using in succession methyl sulphate and the silver oxide method, 
they obtained a heptamethyl-methylcellobioside. On hydro- 
lysis, this last compound yielded two substances which are now 
known to be 2:3:4: 6-tetramethyl-glucose (III.) and 2 : 3 : 6- 
trimethyl-glucose (IV.). 

From these fragments, the structure of heptamethyl-methyl- 
cellobioside (II.) can be reconstituted in the following form : 


:(6)ch20CH3 


H OCH3 


CH2OCH3 


H 


\M V/\/0CH3h\/ 


GCH3 


oca 


( 4 ) (DCv m) 

I } 1 

H OCH 3 


(DC 

-0 


2H20 

OpHs CfCEi 


(6)CH20CH3 




(II.) 


H OCH3 

(III.) 


CHgOCHg 

(IV.) 


From this structure it appears that the 2:3: 6-trimethyl-gIucose 
fragment is linked to the rest of the molecule through hydroxyl 


^ Irvine and Hirst, J., 1923, 518. 

“ Pringsheiin, X. 1912, 78, 266. 

3 Hawofth and Hirst, 1921, 119, 193 ; 1926, 129, I 80 S ; Ctarlton, 
Haworth and Peat, ibid., 89 ; compare Zemplen, Ber., 1926, 59, 1254. 

* It is evident from this that cellobiose is identical in structure with maltose. 
Maltose is a glucose-a-ghicoside, whereas cellobiose is a glucose- j3-gIucoside. 
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. 66a «s . ' 

aigiiment » ta, cdWose and glucose, and has 

degradation “ d from oelUose, it is con- 

the p-glucoside structure (V.) is assigned to it. 


CH^OH 


H OH 
I i, 

c — ’H o 
H /h \ / \ /OH 
v/H Vc4i 


G(« 


mb' cm 

H/\ /\H 

y- 1/ H H \j 
'Q C 

H OH 


i\? 

1«C, 


A OH H/'' 
HO \l 1/ 


C O 

^H20H 


/oh 


(V.) 


T rlititlou to cellobiose the more complex oligosaccharides, 

In addit noiinTip'iraose ^ have been isolated, 

cellotriose, cellotetraose and hydrolysis as well as cello- 

dextrin, which IS regar •„ +hp molecule The degradation 

outline by the scheme. 

Cellulose — Acetylated cellulose -- Acetyls, ed^cellodextrins 

I 

eiucose peuta-acetotc ^ Acetylated oligosaccharides 

Taking into consideration the structure of eellohiose and the 

pAiip other products of decomposition of cellulose, it IS 

tS^^hndtaneously deacetylsted and nrethylated yrelded 

X Bertrand and Beuoiy. * Ze^l^n 

“■* ‘ 

1933 , 66 , 269 . _ iqqi qloa 

2 . Haworth, Hirst and Thomas, J., 1931, 824. 


SOME POLYSACCHARIDES 


87 

tetrametliyl-methylglucoside, heptametliyl-p-metliylcellobioside, 
decametliyl-p-metliylcellotrioside (VI.), and a fourtli compound 
which was probably a cellotetraose derivative. The cellotrioside 
was demonstrated to be structurally similar to cellobiose and 
yielded on hydrolysis tetramethyl-glucose and 2 : 3 : b-trimethyl- 
gliicose in the proportions of 1 : 2. Representing the cello- 
trioside (VI.) as a ^-linked compound, inspection of the formula 
will show how it may yield on hydrolysis tetramethyl-glucose and 
2:3: 6-trimethyl-glucose in the proportions mentioned. It will 
be borne in mind that on hydrolysis the methyl-glucoside group 
at position (I) in ring (a) is split off, and that the methyl group 
at position (4) in ring (c) is not glucosidic. 


H OCH3 


CH2OCH3 
“0 



PICH, 


Decamethyl-p-methylcellotrioside has been synthesized from 
2:3: 6-trimethyl-|3-methylglucoside and heptamethyl-cellobiose- 
1-chlorohydrin,^ leaving very little doubt that the ^-linkage 
occurs throughout the cellulose molecular chain. Finally, in 
this connection the study of certain physical properties of cellu- 
lose and its derivatives supports the results of chemical examina- 
tion. X-ray analysis of cellulose indicated a recurring unit 
10 - 31 . along the fibre axis, which agrees almost exactly with 
the length calculated for the cellobiose unit. ^ Measurements 
of the optical rotation and observations on the progress of 
hydrolysis of cellulose and its degradation compounds give 
further evidence of the uniformity of the molecular linkages in 
cellulose.^'' 

^ Freiidenberg and Nagai, 1932, 494, 63. 

2 Sponsler and Doie, Colloid Symposium Monograph, JST.Y., 1926, 174 ; 
Meyer and Mark, 'Ber.,. 1928, 64, [B], 593 ; Meyer and Misch, Hdv. CUm. Acta, 
1937,20, 235. 

3 Freudenberg, Friedrich and Bumann, 1932, 494, 41 ; Kuhn, Ber,, 
1930,63, 1503; Freudenberg aL, Ber., 1930, 63, 1510 ; 1935, 68, 2070. 
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3. The Molecular Size and Shape of Cellulose 

WLeii dealing with macromolecular substances the ordinary 
methods of determining molecular weights are uncertain, and 
information must be sought in other directions. It is an open 
question whether or not the molecular chains of native cellulose 
are uniform in length. It is possible that the lengths of the 
chains may vary within wide limits, from very long in native 
cellulose through all intermediate stages of degradation until 
finally the oligosaccharides and glucose are reached. So that 
for any particular specimen of purified cellulose the molecular 
weight obtained is likely to be an average value. The most 
acceptable results have been obtained by means of end-group 
determinations/ ultracentrifugal analysis/ viscosity ^ and 
osmotic pressure measurements/ but there is still lack of agree- 
ment in the results obtained. The end-group method of deter- 
mining molecular size is, in contrast with the physical methods, 
independent of solution characteristics such as association and 
solvation, and depends upon the chemical structure of the sub- 
stance. The possibility of degradation during the preparation 
for analysis, however, cannot be ignored. In the case of cellulose 
it has been pointed out by Haworth and Machemer ^ that if the 
molecule exists as a long chain the end-groups should be recog- 
nizable by their special properties, the reducing group at one 
end and the tetrahydroxyglucose residue at the other. On the 
other hand if the molecule were in the form of a large ring all 
the Cg units would be identical in properties. To test this idea, 
carefully prepared methylated cellulose obtained from acetone- 
soluble cellulose acetate was hydrolysed at low temperature, and 
the methylated glucose components produced converted into 

^ Haworth and Machemer, J., 1932, 2270 ; Bergmann and Machemer, 
Ber,, 1930, 63, 316, 2304 ; Schmidt, Jandebeur et al., Ber., 1936, 69, [B], 366. 

2 Svedberg, Kolloid-Z,, 1925, 36 (Zsigmondy Festschr.), 53 ; Svedberg and 
Nicols, J, Amer. Ohem. Soc., 1927, 49 , 2920 ; Svedberg, Z. phi/siL Ohem., 
1927, 127, 51 ; Stamm, J. Amer, Chem, Soc,, 1930, 52, 3047 ; Lansing and 
Kraemer, J, Amer. Chem, Soc., 1935, 57, 1369 ; J, Physical Chem,., 1935, 39, 
153. 

3 Staudinger, Ritzenthaier and Kantz, Ber., 1935, 68, [B], 1225 ; Staudinger, 
ibid., 474 ; von Ekenstein, Ber., 1936, 69, 549 ; Staudinger, CelMosechem. 
1934, 15, 53, 65. 

^ Herzog and Herz, Trans, Faraday 8oc,, 1933, 29, 57 ; Carter and Record, 
J, Soo, Chem, Ind,, 1936, 218. 
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.the metliyl gliicosid.es. From tlie glucosides by exhaustive 
fractional distillation 2:3:4: 6-tetrametliyl-metliylglucoside was 
separated from 2 : 3 : 6-trimetliyl-metliylglucoside in a yield 
that represented 0-6 per cent, of the methylated cellulose taken. 
This detection and estimation of tetraniethyl-methylglucose 
points clearly to the existence of open chain molecules, and 
permits a calculation of the molecular chain length to be made. 
It is concluded that the chain length is not less than 100 and not 
more than 200 p-glucose units corresponding to a molecular 
weight of 20,000-40,000. 

Inspection of the diagram representing methylated cellulose 
(VII.) and its products of hydrolysis will make these points 
clearer. 


CH 2 OCH 3 H OCH 3 
’ -0 


CHgOCHs 
0 



OOHg^ ^ CHgOCH, 


OCH 3 

- A 

OCHs h\ H 
,C4) (1)1 

^ /oCHq 
0 

I, 

J 


Hydrolysis yields 
2:3:4: 6 -tetra- 
metliyi glucose. 


Hydrolysis yields 2:3: 6 -tTi- 
methyl glucose. 

(VII.) 


Methyl-giucoside 

group. 


These values for the molecular weight are in agreement with 
those calculated from measurements of X-ray diffraction patterns 
of the materials. Very slight hydrolysis at any stage in the 
preparation of the methylated cellulose would affect the result 
very considerably, and it has been shown that, depending on 
the method of preparation employed, the estimated chain length 
varies within wide limits. Thus when air is replaced by an 
atmosphere of nitrogen during methylation of the cellulose no 
tetramethyl-methylglucoside could be detected by the end- 
group process.^^^^^^^^ ^ < 

The values obtained from viscosity measurements are in the 
neighbourhood of 120,000“180,000, and those from ultra- 
centrifugal analysis vary from 56,000 to 300,000. 


^ Haworth et al., J., 1939, 1885. 
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C. — Staech 
1. General 

Stardi is very widely distributed in tbe vegetable world and 
forms the most important reserve food material of plants. The 
method of isolating starch depends on the raw material used 
from potatoes, fine-grinding, to break down the cells, is Mowed 
by thorough washing with water on sieves to retam protein and 
cdlulose materials ; from wheat flour, suspension “ ^^^er a^^ 
fermentation of the gluten permits the removal, ^ > 

of the products of degradation. Further purification can be 
effected by repeatedly freezing a dilute colloidal 
by treating the starch with alcoholic hydrogen chloride._ Starch 
vrains are insoluble in cold, but rupture with gelatimzation in 
hot water. This swelling of the grains can also be brought about 
by chemical reagents such as dilute solutions of caustic soda, 
ammonium thiocyanate or chloral hydrate.® 


2. The Isolation of Amylose {^-Amylose) and Amylopectin 
{oi-Amylose) 

It was first pointed out by Nageli that the natural grams of 
starch contained two independent materials.^ These are now 
generally known as amylose and amylopectin. There are 
differences of opinion as to the distribution of the substances m 
the starch grain. On the one hand it is held that amylopectm 
forms the outer cover of the grain with the amylose inside, on 
the other hand it is contended that the two compounds are 
distributed throughout the grain, and that the apparent envelop- 
ing nature of amylopectin is due to its colloidal properties ^ the 
action of hot water or other swelling agent causmg it to gel and 
immp.ah the soluble amylose. The components of a starch 
solution may be selectively precipitated by solutions of alcohol 
of different strengths, and this was the basis of the first successful 
chemical method of separation. A 3 per cent, starch solution 

1 Malfitano and Moschkoff, Compt, rend., 1910, 151, 817. 

2 Taylor and Nelson, J. Amer. Ghem. Soc., 1920, 42, 17*.6. 

2 Reychler, Bull. Soe, chim. Belg,, 1920, 29, 118. 

Die StdrkeJcorner, Zurich, 1858* 


SOME POLYSACCHARIDES 


91 


and a 40 per cent, sodium carbonate solution were mixed and 
95 per cent, alcohol added. The amylopectin precipitated was 
purified by washing and dialysis.^ 

The amyloses may be separated by a variety of other methods, 
chemical, biochemical and physical. The alternate warming 
and freezing of dilute gelatinized starch suspensions followed by 
filtration and precipitation of the dissolved amylose has proved a 
satisfactory method, and by modifying these conditions some- 
what amylopectin may also be isolated in a pure condition.^ 
On account of the colloidal nature of amylopectin it is possible 
to bring about the final separation by centrifugal sedimentation 
or ultrafiltration.^ Electrodialysis has also been advantageously 
employed. Colloidal amylopectin has a relatively strong nega- 
tive charge associated with it and migrates readily under the 
influence of an electric current.^ 

Under carefully controlled conditions barley diastase attacks 
starch, converting the amylose present into maltose, whilst 
the amylopectin is scarcely affected. The maltose may be 
removed by dialysis and the amylopectin recovered by one of 
the known methods.^ 

3. The Disaggregation and Degradation Products of Starch 

There are three principal methods of breaking down starch 
aggregates and molecules : by heat, by mineral acids, and by 
enzyme action. By one or other method of attack starch can 
be converted into the following products, which are placed in 
order of increasing simplicity : (1) soluble starches, (2) dextrins. 
(3) maltose, (4) glucose and glucose compounds. The end- 
product of acid hydrolysis of starches, dextrins, and maltose, is 
glucose and, provisionally, it may be assumed that these mole- 
cules are built up of glucose units. 

^ Gatin-Gruzewska, Gompt rerid. 80 c, 62‘oL, 1908, 64, 178; Gompt. rend,, 
1908, 146, 540. ; ; 

^ Baldwin, J. Amer. Ghem. 80 c. , 1930, 52, 2907. 

3 Foiiard, rend,, 1908, 146, 285, 978 ; Gatin-Gruzewska, ibid., 1908, 

146; Nelson and Morgan, J. Biol. G/z-em., 1923, 58, 305 ; Taylor and 
Iddles, Mng. Ghem. y 1926, iB, 713 ; Baird, Haworth and Hirst, J., 1935, 
1201. 

Samee, KoUoidchem. Beitr., 1914, 6, 23 ; 1915, 7 , 137 ; 1919, 10, 289 ; 
1920, 12, 281; 1921, 13, 272 ; Taylor and Iddles, 

5 Ling and Nanji, 1923, 123, 2666. 
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The substance commonly called soluble starch may be pre- 
pared by treating a starch suspension with acid or an oxidizing 
agent. The change is not extensive as soluble starch resembles 
raw starch in being granular in shape, practically insoluble in 
cold water, and in giving the characteristic colour reaction with 
iodine. The most important technical difference between the 
two is that soluble starch forms a much thinner hot solution 
with water. It is considered that the first effect of mild action 
on raw- starch is to break down the colloidal aggregates, leaving 
the chemical molecules intact. More drastic action degrades the 
molecules to dextrins and finally to sugars. Very definite 
evidence has been brought forward to show that soluble starch 
formed under mild conditions is a disaggregation product of 
raw starch.^ Potato starch was heated at 80° 0. for thirty 
minutes with a very dilute alcoholic solution of hydrogen chloride. 
The product, whilst behaving similarly to starch in its iodine 
reaction and to polarised light, readily dissolved in hot water, 
giving mobile solutions, and could be converted into a form 
soluble in cold water. This soluble starch or simplifi.ed amylose 
when air-dried and kept for some hours reverted to an insoluble 
form similar, in every way to ordinary starch. It was concluded 
that this specimen of starch, previously soluble in cold water, 
had undergone reaggregation to a higher complex. The simpli- 
fied amylose, freshly prepared, was subjected to the end-group 
method of analysis^ to determine its molecular weight. The 
value obtained was 5,000, agreeing exactly with that obtained 
by the same method for ordinary starch. In addition, the 
simplified amylose when methylated and examined viscosi- 
metrically by Staudmger’s method, had approximately the same 
molecular size; ' v ' 

The term dextrin may be regarded as including the degrada- 
tion products of starch l 3 dng between soluble starch and 
saccharides in molecular size. Owing to the lack of constitu- 
tional information a certain amount of confusion has existed in 
the nomenclature of the dextrins. They have been classified as 
amylo-, erythro-, achroo- and maltodextrins chiefly on the basis 
of their optical rotatory power, iodine colour reaction and re- 
ducing power. It is probable that each group includes a number 

^ Baird, Haworth and Hirst, «/., 1935, 1201. 

* See p. 88, 
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of compounds closely related in molecular’ size. More recently 
degradation products have been isolated and identified as con- 
taining 3, 4j 5, 65 7, 9j 12 and 17 glucose units respectively.^ Tlie 
substance known as a-amylodextiin is of considerable interest 
and was first isolated by tlie action of ungerminated barley, 
diastase on starcb.‘^ It lias recently been the subject of fiirtber 
investigation.^, ' The enzyme of ungerminated 'grain is now knowm 
as j3~amylase and the name a-amylodextrin now refers to the 
dextrin formed when the action of (i-amylase on starch is allowed 
to proceed to completion. This action goes on until approxi- 
mately 50 per cent, of the starch is converted into maltose. 
This formation of maltose may be envisaged as taking place step 
by step along the molecule from the non-reducing end until a 
point of resistance is met and enzyme action ceases, the molecular 
residue being a-amylodextrin.^ The dextrin has been converted 
into methyldextrin directly and through the acetate. The 
chain length determined by the end-group method of analysis 
in each case was found to be 11-12 glucose units. It has been 
claimed that the action of malt diastase on amylose gives a 
quantitative yield of maltose,^ and as is well known the end- 
product of acid hydrolysis of starch and the dextrins is glucose. 
The production of maltose in quantity is important as it provides 
valuable evidence of the structure of the starch molecule. 
Maltose is glucopyranose-4-a-glucop}nanoside (I.).*^* 


OHsOH 

CHgOH 
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1 Freudenberg and Friedricb, Naiurwiss.t 1930, 18, 1114 ; Waldschmidt- 
Leitz and Beicbel, GJiem.y 1934, 223, 76 ; Haworth, Hirst, and 

Waine, J., 1935, 1299 ; Haworth, Hirst, Kitchen and Peat, 1937, 79L 

® Haworth, Hirst, and Waine, Zoc. ci^. ; Haworth, Hirst, Kitchen, and 
Peat,' lo:c.'c^L^ 

^ Hanes, 1935, 13, 185 ; Proc. Roy. / 80 c., 1940, [B], 128, 

5 Ling and Hanji, J., 1925, 127, 639, 

* For proof of the structure of maltose, see p. 66 . 


94 


RECENT ADVANCES IN ORGANIC CHEMISTRY 

In tie Mianiiiation of staicli .nd its 

^mall amounts of phosphorus, nitrogen, silicon, and fatty acid 

have reHetected and estimated. _ Phosphorus was a firs 

irfipes of impurities wliicli could not 

tee/es«»W that phos- 
X™ nLont in the’mo We in combination as a phosphonc 
Sd^tefand glnco.e-6.phosphoric acid (H.) has been .solated 
from potato starch.’ 




H 
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H 


OH 


H OH 
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4 . The Structures of Amylose and Amylopectin 



Such molecules should yield on hydrolysis, glucose, maltose and 

dextrins of varying complexity. ^ ^ ovp fhe 

The prohlem, therefore, that presents itself is . are tne 
differences between the two substances purely physical or are 
they physical and chemical? From the facts^ifi was at fir t 
thought that amylose and amylopectin differed chiefly m p ysic 
properties, and that the molecular group of 22 to 24 glucose 
units occurred in both, substances. 

1 Foaaxd, InstUut Paateur Ann.. 1907, 21, 475 ; Semao and HtnHt, Kolhid- 

'«’■ '«■ ^ "• 

phys, nat.f 1935, [V], 17, Suppl., 182. 
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•- Later work points to tlie amylose constituent of starck 
having an unbranclied molecular chain made up of 240 to 300 
glucose units. ^ Amylose from maize starch from quantitative 
estimations of its reducing groups appears to have a chain length 
of only 150 glucose units. 

This linear or unbranched molecular form ascribed to amylose 
from its chemical behaviour is supported by physical evidence. 
It has been shown that amylose is capable of yielding strong 
pliable acetate films, and arnylopectin on the other hand pro- 
duces only weak brittle films. The pliable amylose acetate 
films on being stretched become birefringent with an increase 
of tensile strength. This behaviour is usually interpreted as 
being due to molecular orientation, and an indication of the 
linear nature of the molecules constituting the film. Similarly 
X-ray diffraction patterns taken during the stretching of these 
films indicate a progressive change from an amorphous to a 
highly crystalline state. When elongated to 400-600 per cent, 
the films produce a typical fibre pattern on exposure to X-rays. 
The presence of discrete spots on the diffraction pattern is 
evidence of a marked degree of orientation, and further supports 
the evidence that the molecules are of a chain nature.^ 

An interesting extension of work on the shape of starch 
molecules has been made. Some years ago from theoretical 
considerations it was shown that a-glucose in molecular chain 
formation could take up a strainless hexagonal shape composed 
of six units (IV.) and in connection with the ready aggregation 



^ Hess and Krajnc, ;Ser., 1940, 73, 976; Meyer et Chim, Ada, 

1940, 23, 66, 864 ; 1941, 24, 378 ^ Hassid and McCready, /. Anier. Ohem. 8oc., 
1943,65, 1157. 

- wiistler and Sehieltz, J. Amer. Chem. Soc., 1943, 65, 1436. 
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of some staohes it was suggested 

ili t“e tau SbotXnd tS 

as a obse spitai with si^ glucose units m eacl co.l »th t^ 

onygeu Hnkages of eSj“out ^ tHcrurJ™ fte 'ensyndo 
foimulation has 1*“, , ^ of dextrius containing 

production of considerable amoimts o ^gs^u,ed that 

about sis glucose units in tbe molec If ^ ^ 

sixth and seventh units 7 

MlTbJT^^iruld libeslf. one complete coil of tbe 
spiral in the form of a 6-unit dextrin. 


ENZYME 


/ 5 / 


/n/e/i/i/ 


A. svntketic amylose containing 80 to 90 glucose imte in the 

moiecurhas been prepased from vSTmo 

action (VI.)- Tliis substance is completely converted into 

■“me aLyC^to molecule has a more 

The end-groupmethod of determming the chain length shows the 
priSi S L non-reducing terminal group in tw^ty-four 
to thirty glucose units. Molecular weight deter^ations y 
physical methods give very much higher values These me o s, 

however, have not yet been satisfactorily standardised. 

It is concluded from its properties that the amylopectii 
molecule is a large one, and built up from these basal chains 
1 Haworth, TU ConstiMion of Sugars, 192? ; Haworth, Hirst and tt aine, 

1935, 1299. 7 i 1 QCJ 7 ytyVT 101 189 : Biiiidle and 

= Hanes, ne New Je’and Edwards, ibid., 

French, /. Amer, CJiem, Boc.^ 194^, > 

2200. 
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-24 to 30 glucose units,^ It lias been ■ shown that methylated 
starch on hydrolysis yields 2 : 3-dimethylglucose in approximately 
the same proportion as the end-group tetramethylglucose. It is 
consequently concluded that there is a 1 : 6-glycosidic linkage in 
the amylopectin molecule in addition to the 1 : 4-linkage of the 
units of the basal: chains. . 

Furtherj this 1 : 6-linkage is of the a-type as it undergoes 
hydrolysis by an a-glucosidase> and is not' affected by (3-amylase.^ 
The conclusions are supported by observations of the specific 
rotations of some limit dextrins. 

All this evidence on the behaviour of amylopectin now 
permits a provisional representation of the molecule to be 
made (VI). 


■ ^ 

- "U 


In this laminated diagram each line represents a basal chain 
of 24 to 3G glucose units combined by a 1 : 4-linkages, and each 
arrow head indicates the union of the terminal reducing unit of 
one basal chain with the 6-position of a unit of a neighbouring 
chain. 

From the behaviour of amylopectin towards enzymes a more 
detailed structure of the molecule has been put forward.^ As is 
known [B-amylase does not completely degrade amylopectin, but 
leaves a residual dextrin which amounts to about 50 per cent, 
of the original material. End-group determinations on this 
dextrin show^ed the presence of about double the tetramethyl- 
glucose obtained from amylopectin. The residual dextrin can 
be further degraded by a-glucosidase, and the dextrin left can 
now be hydrolysed by (3-amylase to produce maltose and a 

^ Haworth., Hirst, and Oliver, J.C.S., 1934, 1917 ; Hirst and Young, ibid., 
1939, 951, 1471; Hawkins, Jones, and Young, 1940, 390 ; Haworth, 
avzd 1939, 58, 917. 

® Bawn, Hirst, and Young, Trans. Faraday Soc,, 194:0, 36, 880 ; Haworth, 
Hirst, and Isherwood, 1937, 577; Barker, Hirst, and Young, Yafwc, 

1941, 147, 290 ; Hreudenberg and Boppel, Ber., 1938^ 71, 2505 ; 1940, 73, 609. 

® Meyer and Bernfeld, Helv. C?mn. Acta, 1940, 23, 875. 
vox.. IT. 
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simpler dextrin, which gives a light red-brown «olom mth- 
iodL. To account for these results a ramified structure (VII ) 
containing both 1 : 4- and 1 : 4 : 6-linkages has been suggested 
The dotted lines represent part of the amylopectin molecule, th 
continuous Hue marked 1 indicates the end-pomt of the ini i 1 
Lack by B-amylase, line 2 shows the points at wkch the 
^ydrolysil by «-glucosidase ends, and Une 3 the end of further 
fission by p-amylase. 



Important advances have been made in the field of enzymic 
S 3 mthesis and degradation of starch. It was discovered that an 
enzyme (P-enzyme) occurring in the potato and a number ot 
other higher plants was capable of catalysing the synthesis_ ot 
amylose from glucose-l-phosphate. This line of investigation 
has been extended and another enzyme, named the Q-enzyine, 
isolated and found capable of acting in conjunction with the 
P-enzyme to bring about the synthesis of amylopectin. This 
sjmthetic amylopectin has a number of properties identical 
with those of the natural substance. A working hypothesis of 
the course of the synthesis of whole starch in the plant has been 
suggested. 

The synthesis of polyglucose from glucose-l-phosphate is a 
reversible reaction, the equilibrium being determined by the 
concentrations of the ions HPO 4 ' and C 6 H]^i 050 P 03 . dhe 
function of the P-enzyme is to bring about the formation of 
a-1 : 4-glycoside linkages by the combination of molecules of 
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'glucose-l-phospliate and tlie liberation of phosphate ions, and 
the reverse process of splitting these glycoside linkages in the 
presence of inorganic phosphate. Unbranched chains of glucose 
units are the result of the synthesis. The part played by the 
Q-enzyme appears to be the formation of 1 : 6-glucosidic linkages 
between chains of glucose units. In the absence of the Q-enzyme 
or when its concentration is below a critical value, P-enzrune 
produces amylose.. When botli'P- and Q-enzymes are present 
ill suitable proportions, tlie normal amylose s}uitliesis is inter- 
rupted when an average cbaiii length of about 20 glucose units 
is reached, and the Q-enzyme proceeds to catalyse the attach- 
ment of these chains to one another by 1 : 6-unions, yielding 
the laminated amylopectin structure. The Q-enzyme also 
possesses an amylose-hydrolysing function.^ These ideas are 
illustrated in the diagram (VIII.). 

Glucose- 1 -phosphate 

A I 

P-enzyme 


Pseudo-amylose (20 glucose units) 


Q-enzyme 




Q-enzyme \ 


P-enzyme 


70 


Amylose (> 80 glucose units) 

Amylopectin A^tc. 


The recent advances made in our knowledge of the structure 
of the starch molecule have been rapid and extensive, largely 
owing to the outstanding contributions of W. N. Haworth and 
his collaborators. The perfecting of the end-group method of 
assay was an important addition to polysaccharide chemistry, 
and the ideas put forward from time to time on the nature of 
the starch molecule have stimulated further research and yielded 
abundant results. 


IGO recent ad VA NCES in ORGA NIC CHEMISTR Y 

D.*— Glycogen 
1. General 

In tlie animal body, glycogen plays tlie part of a reserve 
material, and its physiological importance has led to much 
research. On the chemical side, its composition is known to be 
representable by (CgHioOg),, ; and on hydrolysis it yields maltose 
in certain conditions and glucose when the hydrolysis is a com- 
plete one. It gives a purple-red colour with iodine, and does 
not reduce Fehling’s solution. It is a white amorphous sub- 
stance, which goes into colloidal solution when shaken with 
cold water. Glycogen is evidently closely related to starch, 
and the relationship becomes more obvious when the degradation 
products of the methylated substances are compared. 

2. The Constitution and Molecular Size of Glycogen 

At an early stage in the chemical investigation of glycogen 
the view was expressed that starch and glycogen were funda- 
mentally identical.^ When glycogen is acetylated with acetic 
anhydride in the presence of chlorine or sulphur dioxide as 
catalyst, glycogen triacetate is obtained in almost quantitative 
yield. The triacetate can be quantitatively converted into 
methyl glucoside by the agency of methyl-alcoholic hydrogen 
chloride. This demonstrates that the polysaccharide contains 
only glucose units ; and further insight is obtained into the 
molecular structure from the fact that enzyme action transforms 
glycogen into maltose. When glycogen triacetate in acetone 
solution is simultaneously deacetylated and methylated by 
repeated treatment with methyl sulphate and potassium 
hydroxide, the trimethyl glycogen obtained is indistinguishable 
in properties from trimethyl starch obtained by similar methods.'^ 

Hydrolysis of trimethyl glycogen leads to the isolation of 
dimethyl glucose, 2:3: 6-trimethyl glucose and 2 : 3 : 4 : 6- 
tetramethyl glucose. Provisionally then, the opinion* may be 

^ Karrer, Helv. Ghim. Acta, 1921, 4, 994 ; Macbeth and Mackaj^ J’., 1924, 
425, 1513. 

“ Haworth, Hirst, and Webb, 1929, 2479. 
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’ held that glycogen is built up of chains of a-glucose units. When 
trimethyl glycogen (1.) is broken down by the action of acetyl 
bromide in solution in chloroform, derivatives of mono-, di- and 
trisaccharides are formed. The disaccharide derivative, which 
was presumably the bromide and monoacetyl derivative of a 
hexamethyl biose (II.), after the elimination of bromine was 
oxidized to a bionic acid (III.) This acid vras further methylated 
and esterified (IV.), and then hydrolysed to 2:3:4: 6-tetra- 
methyl glucose (V.), and 2:3:5: 6-tetramethyl-Y-glucono- 
lactone (VI.). 



CH2OCH3 CHgOCHg 



CH2OCH3 CHgOCHg 


osid. 





OOH 


H OCH3 H OCH3 
(III) 


metiiylation and 
esterification 




Since 2 : 3 : 6 : 6-tetrametliyI y-gluconolactone (VI.) is pro- 
duced from the free acid on hydrolysis of the ester (IV.), the 
4-positiGn must be involved in the union of this unit with tetra- 
methyl glucose (V.) in the octamethyl bionic ester (IV.). Further, 
there is no doubt that the 5-position was liberated as a hydroxyl 
group (see III.) by oxidation of the biose derivative (IL), as 
direct hydrolysis of the biose derivative (IL) yields only 2 : 3 : 6- 
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trimethyl glucose. Glycogen, therefore, is constituted on the 
same general plan as starch and consists mainly of a-glucose 
units joined together through the 1- and 4-positions as shown 
above for the methylated derivative (I.) 

Quantitative examination of the products of hydrolysis of 
methylated glycogen prepared from glycogen showed the presence 
of approximately 9 per cent, of 2 : 3 : 4 : 6-tetramethyl glucose. 
Since tetramethyl glucose is produced only from an end-group 
of a glucosidal chain (VII.), it follows that the number of glucose 
units in methylated glycogen is approximately twelve.^ By 
this method of analysis, glycogen from rabbit liver has been 
shown to have a chain length of eighteen glucose units.® 



Yields Yields 

tetrametlijl-gluGOse. trimethyl-glucose and methyl-aloohol. 

(VII.) 


Glycogen which has been exhaustively methylated yields 
an amount of dimethyl glucose approximately equal to the 
tetramethyl glucose isolated by hydrolysis.^ A considerable 
proportion of this dimethyl glucose is the 2 : 3-derivative. To 
explain the di-methylation of certain glucose units of the glycogen 
molecular chain, it has been suggested that the 1-4 linked 
a-glucose chains are themselves joined by a type of union, which 
links the reducing end of one chain with an hydroxyl of a non- 
terminal unit in an adjoining chain.^ Such a unit would, there- 
fore, be united at three points of its ring with adjoining glucose 
members, leaving only two exposed hydroxyl groups and 


1 Haworth and Percival, J., 1932, 2277 ; Behly BiocJiem. 1935, 2031. 

2 Haworth, Hirst, and Isherwood, J,, 1937, 577. 

® Haworth, Hirst, and Isherwood, loc, ciL 
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’ ultimately appearing as dimethyl glucose amongst' the products 
cf degradation. This glycogen complex may be illustrated as 
follows (VIIL) 



The chemical information at present available does not permit 
the unit of attachment of the reducing group in the adjacent 
• chain to be specified, nor can it throw any light on the type of 
bond. Physical evidence favours an individual macromolecular 
structure for glycogen rather than a micelle-colloidal grouping. 
Glycogen in such solvents as water, formamide, calcium chloride 
and formamide obeys van’t Hoff’s law of osmosis, and conse- 
quently it is considered unlikely that the particle is a micelle- 
colloid. It is concluded that in these solvents the particle 
size is about 1,760 glucose units, and a molecule composed of 
5,000 units is saicito exist under certain conditions in formamide 
solution. 

Triacetates of glycogen have been prepared, and their vis- 
cosities and osmotic pressures compared with the corresponding 
measurements of the recovered glycogens. From these and 
other observations it is concluded that the glycogen molecule 
in colloidal solution is spherical in shape. The molecule (IX.) 
is represented as consisting of a central chain, varying in length 
from 30 to 100 glucose units, bound glucosidally at the positions 
1 and 4, carrying side-chains of 12 to 18 glucose units in length. 
Each central chain unit supports a side chain at position 2, 3 
and 6. The length of the central chain varies according to the 
treatment of the material.^ 


^ Staiidinger aixd Hu.sei?ia,nn, Annajen, 1937, 530, X.. 
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According to tkis theory of the structure of the glycogen '" 
moleciilej the central chain making up 1*8 to 2*7 per cent, of 
the whole, would be almost entirely incapable of methylation 
and should appear unmethylated in the degradation products. 
The molecule as it stands does not account for the presence of 
dimethyl glucose and tetramethyl glucose in approximately the 



same amounts in the products of degradation of methylated 
glycogen. The elimination of two .side chains from each .central 
chain unit prior to methylation could not account for the amounts 
of dimethyl glucose isolated, so that some modification of this 
structure is necessary to make it fit the known facts. Further 
experimental work on both the chemical and physical sides will 
doubtless permit a more definite outline of the glycogen molecule 
to be drawn. 
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E.— Laminaein ' 

1. General 

Lamiiiarin occurs plentifully in the fronds of marine algae, 
during the autumn months, and it has been isolated' from Lami- 
naria cloustoni, i. digitata, L. sacckarina and. Saccorhiza hilbosa. 
This substance yields glucose on hydrolysis, and was the first 
polysaccharide of , the .glucose, group, discovered to, have the 
glucose residues linked together at the 1~3 positions. Laminarin 
was isolated from L. digitata fronds by allowing the dried and 
finely divided material to stand for some days in dilute hydro- 
chloric acid. Laminarin spontaneously deposited from this 
solution. The crude material w*as purified by repeated precipita- 
tion from water, followed by washes with alcohol and ether.^ 
Hydrolysis of the pure substance with hydrochloric acid gave a 
yield of 98*5 per cent, glucose. 

, 2.., The Stfmture of Laminarin 

The triacetate of laminarin on simultaneous deacetylation and 
methylation gwe a quantit^^^ yield of trimethyl laminarin, 
which on hydrolysis broke down to 2:4: 6-trimethyl glucose. 
When the specific rotations of laminarin and its acetyl and 
methyl derivatives were compared with the corresponding 
rotations of the celluloses, lichenins, starches and glycogens. 
The small negative rotations of laminarin and trimethyd laminarin 
and the greater negative rotation of the acetyl derivative like 
the corresponding rotations of cellulose and lichenin and their 
derivatives suggest that the laminarin molecule is built up of 
p-glucose units. The specific rotations of the polysaccharides 
mentioned are given on p. 106 for comparison. 

The disaccharide, named laminaribiose (IL), corresponding 
to maltose from starch and cellobiose from cellulose, has been 
isolated from the products of catalytic hydrolysis of laminarin. 
The enzymatic hydrolysis of laminarin to glucose by snail juice 
is very rapid, but it was possible in the course of the hydrolysis 
to isolate laminaribiose in the form of its osazone from the 
reaction mixture.^ When the hydrolysis of laminarin was 

^ Barry, Sci, Proc, Roy, Dublin /Soc., 1938, 21, 615, 

•2 Barry, ibkl,^ 1939, .22„ 59 ; 1941, 22, 423^ 
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Cellulose 

Lichenin 

Starch. 

Glycogen 

Laminarin 

Polysaccharide . 

~ 3-45®* 

+ 8-3°t 

- 2-35° * 

+ 190° 

+ 192° 

- 7° to 
, - 16° 

Acetyl deriyative 
(chloi’oform) . 

22° 

~ 38-5° 

+ no° 

+ 163° 

- 52° 

lUethyl derivative 
(cliloroform) . , 

- 10° 

— 

-f 208° 

+ 208° 

- 4*39° 


* [a]“. . In ouprammonium. t In 2^-NaOH. 

40t>'Q 


effected by cold concentrated hydrochloric acid or by hot dilute 
acid, the course of the change could be followed by using the 
polarimeter. By interrupting the reaction at a suitable stage, 
it was possible to prepare laminaribiose osazone from the products 
of hydrolysis, Laminaribiose itself was isolated by using normal 
oxalic acid as the hydrolysing agent. The reaction was allowed 
to proceed until it was about two-thirds complete to reduce, as 
far as possible, the proportion of oligosaccharides present in the" 
liquid. After neutralization with chalk the liquid was fermented 
by yeast to destroy any glucose present. The solid residue 
obtained by evaporation of the liquid was dissolved in methyl 
alcohol, and the laminaribiose separated from higher saccharides 
by fractional precipitation from solution. Laminaribiose is 
rapidly converted into glucose by emulsin, a further proof of 
the presence of the |3-glucoside linkage in the polysaccharide. 
Formulating the (3-gIucose units as shown below, the laminarin 
structure may, according to the evidence, be written as (I.), 
and the biose as (IL). 



M OH H OH 
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3. The Molecular Size of Laminarin 


Tlie lengtli of the laminarin molecular chain was estimated 
by an ingenious adaptation of the periodic acid oxidation method 
for the examination of polysaccharides. Periodic acid reacts 
with a carbon chain containing adjacent hydroxyl groups giving 
rise to aldehyde groups by fission of a carbon-carbon bond. 


Such a group as — C — 0— C — on oxidation with periodic acid 

I I I 

OH OH OH 

loses the central carbon atom and yields two aldehyde groups. 
When laminarin was treated with periodic acid a small but de- 
finite amount of oxidation occurred. Inspection of structure (I.) 
will show that the only part of the laminarin molecule con- 
taining adjacent hydroxyl groups of a non-aldehydic nature is 
in the end glucose unit marked (a) at carbon atoms (2), (3), and 
.(4). The two aldehyde groups formed by the action of periodic 
acid may be further oxidized by bromine to carboxyl groups. 
At the same time the bromine appears to oxidize the terminal 
aldehyde units of the molecule, but allowance can be made for 
this small additional carboxyl content in calculating the per- 
centage of dicarboxylated end-group in the modified laminarin. 
The acidity of the molecule may now be estimated either by 
direct neutralization or by the formation of the silver salt. 
From the results of this method of determining the size of the 
molecular chain it was concluded that the laminarin molecule 
contained sixteen glucose units.^ 

The changes of laminarin on oxidation with periodic acid and 
bromine are shown in structures (III.), (IV,), and (V.). 


csXJHgOH 

T\QH ha 

s [ 

H OH 


HO 


HA 
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CH„OH 
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OH/S 
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^ Barrj^ Billon, and MeGettrick, J., 1942, 183 ; Barry, 578. 
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„ X mM ronfirmed by the detection of glyoxylic' 

The structure (IV.) was contim y ^o^^cts of its 

acid (from carbon atoms 1 and Z) among 

hydrolysis. Laminarin may now be formulated as (V .) . 
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(VI) 

Jjaminarin 


1 14 


Non-aldehydic end. 

Ca and C4 oxidised 
to carboxyl groups, 
C3 eliminated. 


Hydrolysis of 
methylated 1am- 
inarin yields 
2:4: 6-trimethyl 
glucose. 


Aldehydic end 
(carbon atom 1). 


A polysaccharide obtained from baher’s ye^t also ^elds 

^ ^ ? 7ceS I.;d^- 

glucosan from barley roots.^ 

^’—Conclusion 

The foregoing account, lengthy as it is, does not pretend to 

• 1,1 oil +I 1 A researches on members of the polysaccharide clas 

“S bl teeTTw out during the last .» or i^n yeam^ 
■Hnd any effort at completeness been made, the material woul 
W m efa yolume instead of a chapter. Since selection of 
Jome Srt was rendered ine^dtable by the limitation of ayailable 

X Hassid, Joslyn, and MeCready.J. 

2 Peroival and Somervffle J., 1937, Ibin. ^ and Stacey, J., 585. 

s Peat, SoUuohterer and Stacey, J-, 1939 sm , n 
4 Hassid, J. ^4m6n Ohem. Soc., 1939, 61, 12 . 
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^space, it seemed best to pick out from tbe mass of data tliose 
parts wMch have the greatest theoretical interest and which have 
the further quality of lending themselves to a logical treatment. 
As the preceding sections show, this work on the polysaccharides 
exhibits in a vivid manner how even the most intricate structural 
problems can be approached with success. In carbohydrate 
research the reader can recognize the various stages through 
which the investigations have passed. First came the initial 
idea of fixing the labile structures of the carbohydrates by means 
of methylation, and close on this followed the devising of ex- 
perimental methods of putting the idea into practice. In the 
next stage, numbers of definite methylated sugars were prepared 
which were to serve as comparison compounds in the identifica- 
tion of the fission-products of the methylated carbohydrates of 
complex constitution. This stage was the longest and most 
difficult, since it represents an enormous amount of detailed 
work in the case of each sugar examined. At the end of it, all 
was ready for a great advance ; and in the final stage, the most 
striking feature is the rapidity with which intricate problem 
after intricate problem is finding its solution. 


CHAPTER IV 


PECTIC SUBSTA^fCES AISHD ALGINIC ACID 
A— Pectic Substances 
1. Introductory 

Pectins are substances of high molecular weight closely related 
PECTINS aiB widely distributed m plant 

to the polysaccharides, ihej are wiaeiy ^ n Tbev 

rplk too'ether^^ Various pectin compounds have from ame to 
..d aLibed. Tbe ob»acbensb.cs ot 

principal types are summarized in Table 1. 





Pectose (Protopectin) 

An insoluble pectin-cellulose coinpiex of tbe 
cell-walls of plant tissues. It is the pectm 
precursor in unripe material, and changes 
graduaUy, as the plant matures, into 
simpler pectin substances. 

Gelatinous substances showing the properties 
of typical emulsoids, and capable, with 
suitable amounts of sugar w-ater and acid, 
of forming jellies. They are esters oi 
polygalacturonic acids. 

I Pectins . • • * j 

Pectic Acids 



Partly or wholly hydrolysed pectins. They 
occur in over-ripe fruit and do not form 
jellies. 


In recent years there has oeen a gieau -- 

investigation of plant products of economic unportance wiuh a 
corresponding increase in the study of the pectm substances of 
fresh and stored fruits, vegetables, and their manufacture 
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^ products, textile fibres, and tlie natural raw materials of tlie 
wine, beer, cider, wood pulp, sugar beet, and starch industries. 
Pectin substances may be obtained on the large scale from such 
materials as apple pomace and orange or lemon pulp, by ex- 
traction with warm acid solutions followed by precipitation by 
means of alcohol or aluminium hydroxide. Pectin in colloidal 
solution carries a negative charge and mutual precipitation 
occurs when positively charged aluminium hydroxide is formed 
in the solution from ammonia and aluminium sulphate. The 
hydroxide is removed from the crude pectin by conversion into 
the chloride, which dissolves in alcohol. On the laboratory 
scale, soluble ’’ pectin can be conveniently obtained by treat- 
ing the plant tissues with warm solution of a salt capable of 
removing calcium from solution. Ammonium oxalate is very 
suitable for this purpose. 


2. The Constitution of Pectose {Protopectin) 

Owing to the insolubility of pectose in ordinary solvents and 
its sensitiveness and variable beha^uour towards acids and 
alkalis, its isolation in an unaltered form has proved impossible. 
The best method, so far devised, is the successive use of water 
to remove soluble ’’ pectin, alcohol and ether to take up oil 
and resins, and cuprammonium hydroxide solution (Schweitzer’s 
reagent) to dissolve uncombined cellulose. Further treatment 
with dilute acetic acid removes any traces of copper left.^ Pectose 
obtained in this way can be converted into pectin and cellulose 
by hydrolysis. There are, however, variations in the properties 
of pectose obtained from different sources, especially in its 
behaviour towards hydrolysing agents. The variations are 
ascribed to differences in composition of the pectin-cellulose 
complex ; the greater the cellulose content of the complex the 
greater is the insolubility of the material, and the greater the 
resistance to hydrolysis. ^ Pectose like pectin yields d-galac- 
turonic acid (I.) in quantity on hydrolysis, and this compound 
is regarded as the foundation unit of both substances.^ 

^ Sncliaripa, J, Amer. Chem. Soc„ 1924, 46, 145, 

^ Carre, Biochem, J., 1925, 19, 257. 

3 Ehrlicli, Chem. Ztg„ 1917, it, 197; /. 8oe. Chem. 36, 502 
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OH 


a-form. 


p-form. 


Pectose anrprctin substances also jneld metbyl alcohol 
arabmose, galactose a.d p«ttic a^d “ ““ elt 

*fr substance bat 

imposition »itb one to eight cellnlose groups m a 

■glycosiclic structure.^ 

3. The Constitutions of Pectin and Pectio Aad 

Pectin may be obtained from fruit juices or from the hot 
-water extract of roots such as beets and carrots by precipitation 
md Ld from pectose by limited acidic or enzymatic 
1 ’<3 The -Droduct obtained is a mixture of pectin and 

£r.cids%r -4:“ tLT. 

^ j fVjp mptbod of isolation, ine aiagram iii 

SS the compounds which have been isolated from pectins 
from different sources. 

Acetic add ^ Pectm > Arabinose 

'--jk xylose (from flax pectin) 

(partly de-metteylated) Pectinic Acids + methyl alcohol 


(completely de-methoxylated) Pectio Acid + methyl alcohol 


d!-galactose-galacturonic aciU 

d-galaotose + galactoronio acid 


'I 


(J-tetragalaoturomo acid 


1 Carre, loc, cit. 
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Pectins from different sources appear to vary in composition ; 
sugar-beet pectin yields galacturonic acid, galacfcose, arabinose, 
methyl alcohol and acetic acid, whilst flax pectin yields xylose 
in addition. Very little is known of the mode of linkage of 
galactose and arabinose in the pectin molecule, and indeed it is 
argued from some experimental results that they are not essential 
constituents of the pectin skeleton.^ Pectin is considered to be 
a methyl ester of a polygalacturonic acid, and yields a series of 
pectinic acids of decreasing methoxy content and increasing 
acidity when it is hydrolysed with acids of increasing strengths. 
With all^ali, pectin is converted into pectic acid and methyl 
alcohol. 

From time to time structures have been suggested for pectic 
acid.^ From analyses of calcium pectate the molecular formula 
G35H50O33 was assigned to pectic acid, and from the results of 
quantitative hydrolysis of the acid it was concluded that the 
molecule was composed of four units of galacturonic acid along 
with one each of galactose and arabinose.^ A ring structure was 
^ given to pectic acid (I.). 

CsHgO^-CeH.oOsHCsH^O.COOH)^ 

(I.) 

arabinose galactose galacturonic acid parts 
On this basis pectin would be the tetramethoxy derivative (II.), 
0,HsO,-OeHioO,-(C5H70, . COOCH3), 

and the pectinic acids, the mono-, di-, and tri-methoxy-pectic 
acids. 

Modifications of this structure have been proposed. Pectic 
acid from sugar beet and flax yields tetragalacturonic acids, and 
consequently the basic structure has been formulated as a ring 
of four galacturonic acid units ; and as arabinose and galactose 
in varying proportions have also been isolated, an arabino- 
galactose disaccharide unit was considered to be attached 

1 Schneider and i’ritscM, jSef., 1937, 70, [B], 1611. 

2 Sohryver and Haynes, BiocJiem. */., 1916, 10 , 539 ; Fellenberg, Biocliem. 

1918, 85, 45, 118 ; Ehrlich, Chem, Ztg:, 1917, 41, 197 ; J, 80c. Ghem, InE, 

1917 , 36 , 

® Nanji, Baton and Ling, J. 8oc» C7^ew. 1925, 44, 253. 

VOL. II. 
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tiirougli a galacturonic acid hydroxyl as a side chain.^ A larger 
molecule containing eight galacturonic acid groups in the form 
of two closed rings has also been suggested,^ The results of 
further and more recent work favour an open chain type 
of molecule of higher molecular weight than those just 
described. 

A compound has been isolated from citrus pectin by mild 
acid extraction followed by neutralization with calcium 
hydroxide. The salt was decomposed by acid and the resulting 
polygalacturonide (pectic acid) washed and dried. Obtained in 
this way the polygalacturonide was very pure, free from galactose 
and arabinose, and yielded 95-99 per cent, of galacturonic acid 
on hydrolysis. 

The polygalacturonide was refluxed with dry methyl alcohol- 
hydrogen chloride solution and the insoluble glycoside-methyl- 
ester isolated, purified and analysed. The results of ultimate 
analyses agreed closely with those required for a compound 
containing eight to ten galacturonic acid units. The glycoside- 
ester was converted into the sodium salt by the action of sodium 
hydroxide solution, which completely hydrolyses the ester 
groups without affecting the glycoside group. The barium salt 
was obtained through the sodium salt. Analyses of the two 
salts also indicated that the polygalacturonide was composed 
of eight to ten units. 

Estimations of the glycoside methoxyl and sodium contents 
agreed very closely with the theoretical requirements of a methyl- 
glucoside of sodium polygalacturonate of 8-10 units (I.). 



The table given on p. 115 summarizes the analytical data.^ 

^ Ehrlich, Z. angew. Chem., 1927, 40, 1305 ; Ehrlich and Schubert, Ber., 
1929, 62, 1974; Ehrlich, CeUulosechemie^ 1930, 11, 130; Biochem, Z., 1932, 
250, 525 ; 251, 204. 

2 Myers and Baker, Delaware Agr, Exp. Sta., 1934, Bull. 1S7. 

® Morell, Baur, and Link, J. Biol. Ohem., 1934, 105, 1. 
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1 

1 

2 

a b 

3 

a b 

4 ' ! 

i 

; No. of Units. 

Polyester- 

glycoside 

Polysodium 
salt glycoside 

Polybariiim 
salt glycoside 

Polyacid- 1 
glycoside ! 

1 8 calculated 

9 

10 

0 / 

/o 

O.CH3 

18*00 

17*82 

17*67 

0 / 

/o 

0 , CH3 

1*92 

1*71 

1*54 

0 / 

/o 

Na 

11*39 

11*41 

11*43 

0 / 

/o 

O.CH3 

1*56 

1*37 

1*25 

0 / 

/o 

Ba 

27*71 

27*80 

27*85 

0 / 

/o 

0 . CH3 

2*15 

1*92 

1*73 

Values found ' 

18*00 

1*40 

11*39 

1*30 

26*8 

2*18 


It will be observed from tlie table that the scheme of analysis 
included estimations of methoxyl from ester and glycoside 
groups (col. 1), and of methoxyl from glycoside alone (cols. 2 a, 
3 a and 4). These figures of methoxyl determinations show the 
- ratio between the terminal unit and the rest of the molecule, 
and on the assumption that the molecule has a straight chain 
structure, the determination of the glycoside methoxyl is a 
measure of the molecular chain length, comparable with the other 
end-group methods of analysis which have been employed with 
success in investigations of the structures of cellulose and starch. 

These conclusions as to the size of the pectic molecules are 
supported by viscosity measurements,^ and the chain formation 
is probable as X-ray examinations show that pectin derivatives 
have thread-like molecules.^ 

The skeleton of the pectin substances may be regarded as a 
chain of galacturonic acid units with varying proportions of free 
carboxyl and methyl ester groups present. Erom acidity 
measurements it appears unlikely that any of the carboxyl 
groups have been transformed into lactone groups.® The 
evidence referring to galactose, and arabinose is conflicting. 
On the one hand a considerable body of experimental facts 
points to both compounds forming part of the molecule, though 
in no fixed proportions. On the other hand it is contended that 

^ Henglein and Schneider, i5er., 1936, 69, 309. 

2 Morell, Eanr, and Link, Icc. C2L ; Schneider and’ Eritschi, Ber , 1936, 
69, 2530, 2537. ® Schneider and Eritschi, loc. ciL 
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they (and similarly, acetyl groups) occupy no primary place in 
the molecular structure.^ Inspection of the structure given for 
the methyl glycoside of sodium polygalacturonate (I.) shows 
that the mode of linkage between the different galacturonic 
units is formulated as the 1 : 4-a-glycoside type. The p-linkage 
has also been suggested.^ Further work, however, is necessary 
before either can be finally accepted. We are on firmer ground 
when we examine the evidence for the 1 : 4-linkage of the 
galacturonic acid units in the chain formation. Periodic acid 
is employed to oxidize the carbon chains of polyhydroxy com- 
pounds,^ and acts only in the presence of two adjacent hydroxyl 
groups.^ Treated in this way with periodic acid, methyl- 
glycosides (II.) are attacked between carbon atoms 2 and 3, 
giving rise to dialdehyde-acetals of the type shown (III.) by loss 
of carbon atom 3.'*^' Further oxidation using bromine converts 
a dialdehyde-acetal into a dicarboxylic acid (IV.), which can be 
isolated in the form of the strontium or barium salt and identified. 
The proof of the structure of such an acid, and particularly the 
proof of the presence of a eZ-glyceric acid (V.) moiety in tlie- 
molecule, limits the glycoside ring to the pyranoside (1, 5) or 
septanoside (1, 6) structure.^ Other well-known evidence, how- 
ever, excludes the 1, 6-rmg. The following scheme shows the 
steps in the changes : — 
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^ Schneider and Fritshi, ?oc. ciL 
2 Frey- WyssKng, Profo^Zctsma, 1936, 25, 262. 

® Maiaprada, Bull. Soc. 1928, 43, 683; 1934, 1, 833. 

Fienry and Lange, Gompt. rend,> 1932, 195, 1395 ; J. Fharm. Chim., 1933, 
17, 196 ; Karrer and Pfaehler, Helv. CMm. Acta, 1934, ' 

® Jackson and Hudson, J. Amer, (7?iem.v8oc., 1936, 58, 378 ; 1937, 59, 994. 
* Starch, celinlose and other polysaccharides are attacked in the same way, 
but without the elimination of carbon atom 3. 
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These experimental methods and lines of reasoning have been 
adopted in an investigation of the more complex molecular 
formation of methyl-polygalaturonate (VI.) prepared from 
natural pectin. When this ester was oxidized with periodic 
acid and bromine in succession, and the glycoside bonds 
hydrolysed with acid, potassium acid tartrate (IX.) was finally 
isolated from the reaction mixture.^- It follows that the linkages 
between the galactiironate residues must be either 1 : 4-p3urano- 
side (VI.) or 1 : S-furanoside (X.). The following scheme 
summarizes the steps in the possible changes. 
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COOCHs 

(VIII) 


0 - 


H-C~OH 
“-““H — 
HO-C-H 
I 

-C~H 


HIO^ 


Bro 



5 H-GXH H-G-O-GaI-— 

^ COOH COOCH 3 

(IX) (X) 

Galacturonic acid itself has been shown to contain the same 
ring structure (pyranose) as galactose, and it may be con- 
sidered provisionally that this formation persists in the poly- 
galacturonates.^ 

E,.-~-"Alginio Acid ■ 

Alginic acid is closely related to pectic acid in its physical 
and chemical properties. It is obtained as a very gelatinous 
precipitate from certain seaweeds by treating the sodium car- 

^ Levene and Kreider, J. Biol, Chem.^ 1937, 120, 591. 

^ Liemann and Link, J. Biol, 0/^em., 1934, 10% 195. 
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bonate extract with dilute hydrochloric acid. Methyl alcoholic ' 
hydrogen chloride degrades algmic acid to an alginic acid oj. 
lower molecular weight and d-mannuronic acid (1.). ihe 
simnler alginic acid on methylation followed by hydrolysis 
yielded 2 : S-dimethyl cZ-mannuronic acid, and simultaneous 
hydrolysis and oxidation with nitric acid gave ^-dlmethoxy- 
succinic acid (II-). 


H 


COOH 

.C(sr-- 


! 

H 


0. 


OH 

( 2 ) 


H 

(i)C<^ 

OH 


n/ 


OH 


! 

-0/ 


H 


a*forin. 


(I-) 


p-form. 


COOH 

I 

CHj . 0— CH 
CHs . O—CH 

COOH 

(11.) 


The major portion of the alginic acid molecule is therefore com- 
posed of a chain of d-mannuronic acid units. As positions - 
Ld 3 of the units can be methylated, and in view of the stability 
and large negative optical rotation of alginic acid, the molecular 
chain probably has 1-4 glycoside linkages. ^ _ 

It is concluded that at least 60 per cent, of the alginic acid 
molecule is composed of p-d-mannuronic acid units joined by 
1-4 linkages. This is represented in structure (III.). 


COOH 

H P — P 

Aoh oh 
^0— 9^ 
i H 


O' 


H 

A P 


C 


H 

i 

c- 

HH OH 


f\? 


COOH 



COOH 
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> /9 P\ H 
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6ooh 


c 
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In concluding this chapter attention may be drawn to the 
remarkable simUarity in the molecular structures of substances 
so diiferent as cellulose, laminarin, glycogen, starch, pectic acid, 
and alginic acid. The glycoside union is common to ail and each 
contains, with the possible exception of starch, one type of 
monosaccharide unit only. 


CHAPTEE V 


■ THE SESQUITERPENE GROUP OP COMPOUNDS 
A. Introductory 

The compounds known as terpenes are usually, for convenience, 
divided into three classes : the hemiterpenes with the formula 
C5H3 ; the true terpenes, which are reduced benzene derivatives, 
with the composition ; and the sesquiterpenes having 

the general formula The hemiterpenes do not occur in 

nature ; but the most characteristic member of the class, iso- 
prene, is obtained by the distillation of rubber, so that evidently 
^ the C5H3 skeleton is to be found among natural products. The 
true terpenes, with ten carbon atoms in their structure, are 
widely distributed, occurring as they do in the saps of many 
plants. With them are associated the sesquiterpenes. 

The investigation of the terpene group as a whole has fallen 
into fairly well-marked chronological stages. The third quarter 
of the nineteenth century was devoted to clearing up the problems 
presented by the cyclic terpenes. At the end of the century, 
interest passed to the group of olefinic terpenes; and con- 
siderable progress was made in that field. The sesquiterpenes 
were taken in hand ; and even at the present day our knowledge 
of the field is scanty; though enough has been done to lay 
bare the outlines of the subject and to suggest the lines along 
which future work will probably proceed. More recently 
the di- and triterpene groups of compounds have yielded to 
investigation. 

The main object of the present chapter is to indicate the 
inter-relationships of certain among these sesquiterpenes and to 
describe some of the information which has been gained as 
to the constitution of these substances. 

Before entering upon individual problems, however, it seems 
well to devote a paragraph or two to certain general questions 
which may serve to simplify the subject. 
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Inspection of the table below will bring out inamediately the 
simple relationships which the formulae of the simpler terpenes 
and of rubber bear to one another : 


Hemiterpenes . 

. . C,Hs 



= C^Hs 

Terpenes . 

. . C^Hs 

X 

2 

= G10H10 

Sesquiterpenes 

. . C^Hs 

X 

3 

= G25H24 

Rubber . . . 

. . O5H3 

X 

n 

= {CM 


These figures suggest at once that the whole terpene group is 
built up on a basis composed of five carbon and eight hydrogen 
atoms ; and it will be convenient at this point to examine the 
various stages of saturation which may result from the poly- 
merization of the CgHg unit. 

Two molecules, each containing an ethylenic linkage, can 
be supposed to unite in either of two ways: (1) to form an 
open chain ; and (2) to yield a cyclic compound. 

CH— CHg 

CHa^CHg- CH— CHg 


CH2=0H, 



CHg— CHa 


CHa— CHa 

Now clearly from the above formulse it is seen that the linking 
of the two ethylenic molecules in an open chain has resulted in 
the disappearance of one ethylenic bond ; whilst when a cyclic 
structure is produced, two ethylenic bonds disappear. 

Let this be applied to the case of the sesquiterpenes. In 
order to link together three of the fundamental G^Hg nuclei, 
two junctions are necessary : C^Hg — C5H3 — G^Hg. Each of 
these junctions implies the disappearance of one ethylenic bond, 
if the new molecule has an open-chain structure. Since each 
isoprene molecule contains two ethylenic linkages, there are 
six double bonds present at the start. Two of these are used up 
in forming the long chain; which leaves four double bonds 
present in the final product. 

Now the formation of a cyclic structure from this long open 
chain will demand the disappearance of another double bond ; 
so that obviously a monocyclic sesquiterpene will have only 
three ethylenic linkages left in its structure. 
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" Further ring-formation to produce a dicyclic sesquiterpene 
will entail the elimination of yet another double bond, leaving 
two ethylenic linkages in the dicyclic sesquiterpene molecule. 

By the same reasoning, a tricyclic sesquiterpene must have 
only a single ethylenic bond and a tetracyclic grouping must be 
a saturated hydrocarbon. 

For the sake of clarity, these facts may be put in the form 
of a table. 

Sesquiterpene Type Number of Double Bonds 

Olefinic 4 

Monocyclic 3 

Dicyclic 2 

Tricyclic 1 

Tetracyclic 0 

It may be recalled that the same rules hold good in the group 
of ordinary terpenes of the composition These may also 

be regarded as derived from a polymerization of hemiterpenes 
containing two double bonds ; and the same reasoning leads to 
the conclusion that olefinic terpenes derived from two hemi- 
terpene molecules should contain three double bonds; whilst 
monocyclic terpenes such as limonene should contain two 
ethylenic linkages ; and dicyclic members of the group like 
camphene should have only a single ethylenic bond in their 
structures. This is, of course, exactly what is foimd in practice. 

In distinguishing between members of the sesquiterpene 
class, the refractivities of the various sesquiterpene structures 
yield some assistance. The values calculated for the molecular 


refractivities of the different isomeric 

forms are : 

Open-chain type . . 

. . 69-60 

Monocyclic type . . 

. . . 67-87 

Dicyclic type . . . 

. . . 66-13 


. . . 64-40 

Tetracyclic type . . 

. . . 62-66 


These values differ from each other sufficiently to make the 
refractivity bf some help in classifying the various sesquiterpenes, 
and in suggesting the chemical methods of attack which can best 
be utilized in deterinining the consti^^ of a given substance. 
An illustration of this will be given in a later section when the 
constitution of zingiberene is discussed. 
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B. — Farnesol, Nerolidol, akd Farhssene 

FarnesoF has the composition CisHagO. It is found in 
musk kernels, in the flowers of certain acacias {e,g. Acacia Fame- 
siana) and other plants ; and it appears to be the main cause of 
the odour of lindens. 

On oxidation, farnesol yields a substance farnesal, which 
has the composition C15H24O. Since its reactions prove farnesal 
to be an aldehyde, it is clear that farnesol is a primary alcohol. 
■\^Tien the oxime of farnesal is dehydrated, it yields a nitrile. 
On hydrolysis, this nitrile yields farnesenic acid and also a ketone 
with the composition C13H22O. This ketone has been identified 
as dihydro-pseudo-ionone : 

(CH3)2C : Oil . CH2 . CH2 . C(CH3) : CH . CH^ . CH^ . CO . CH3 

This formation of a ketone by hydrolysis recalls the case 
of pulegone, which breaks up with the production of methyl- 
cyclohexanone and acetone when it is hydrolysed.'^ The reac- 
tion is evidently an addition of water to a double bond in this 
fashion : 

RgC RgC : 0 

II + H2O = + 

RgC R2CH2 

On this basis, the nitrile mentioned above must have the con- 
stitution represented by : 

CioHi7— OH2— C— CH3 

II 

CH.CN 

and tlie primary alcohol farnesol must be : 

(CH3)2C : CH . OH2 . CHa . C(CH3) : CH . CH3 . CH, . C . CH3 

“ II 

CH . CH3OH 

Eamesol. 

Isomeric with farnesol, there is a second alcohol known as 

^ Haarmann and Reimer, D.R.P. 149603, 150501 ; Kerschbaiim, Ber., 
1913, 46, 1732; Hames*and Haarmann, ibid., 1737; Semmier and others, 
Ren, 1917, 50, 1836. 

See VoL I., p. 190. 
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" nerolidol ^ (originally named peruviol) which occurs in orange 
blossom and Peru bark. On treatment with acetic anhydride, 
nerolidol is rearranged into farnesol, which indicates a close 
relationship between the two vsiibstances. Further, on oxida- 
tion, nerolidol yields the same acid, farnesenic acid, which is 
obtained by the oxidation of farnesol. 

This behaviour is an exact parallel to that shown by linalool 
among the ordinary olefinic terpenes, since it is converted by the 
action of acetic anhydride into iierol : 

OH 

CeHii-C-CHg CeHi,-C-CHs 

CH:CH2 CH-CH^OH 

Linalool. Nerol. 


Ruzicka ^ was led by this similarity to suggest that the formulae 
’ of nerolidol and farnesol had analogous en^ngs to their chains 
so that their formulae might be written thus : 

OH 

CuHi 9 — C-CHa C11H19-C-CH3 

I li 

CHrCHs CH-CH3OH 

Nerolidol. lamesol. 

This view was confirmed by the complete synthesis of nerolidol 
in the following manner. Geranyl chloride (I.) was treated with 
acetoacetic ester, yielding the dihydro-pseudo-ionone (IL). 
Condensation of this with acetylene in presence of sodamide 
resulted in the formation of dehydronerolidol (III.), which on 
reduction with sodium in moist ether was converted into nero- 
lidol (IV.). This synthetic nerolidol corresponds exactly wnth 
natural nerolidol in chemical properties, though of course it was 
optically inactive whereas natural nerolidol is dextro-rotatory . 

1 Hesse and Zeitscbel, J. pr. Chem.t 1902, 66, 503 ; Thoms, Arch, PhaTm,^ 
1897,237,271. 

® P.XL’zidk&t Edv, Chim, Act(if 1923,6,483. 
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CH, 

CH3 
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C CH,C 1 

C CH 
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H2C CH 

CH, 

H2C CH 

H2C 

^CH 
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H3C CH, 

H2C. 

XH 
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HjC CH, 
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CH, 
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C CH, 

H2C CH CH, 

H2C CH CH2 

HjC CH C( 0 H)-CH 3 

^ch'^^c^ 

1} 

H,C CH, ^C(OH)- 

^CH ^CH 

II 

C 

II 

C 


/\ 

HsC CH, 

H3C CH, 

(HI) 

(IV) Nerolidol 


Farnesol is therefore the corresponding analogue of nerol : 


CHo 




_A 


,CH2 
yHa 

HjC CHaO^C-CHs 
CH 


A 

H3C CHs 

Fiirnesoi 

It will be borne in mind, of course, that a compound 
such as farnesol will probably exist as a mixture of 
geometrical isomers. Inspection of the formula will show 
that four such isomers are theoretically possible. The 
formulse of farnesal and farnesenic acid are got by sub- 
stituting — CHO and — COOH for the — CHgOH group in 
the above. 

So far, we have been concerned with oxygen derivatives ; 
but we may now turn to the corresponding terpene, fariiesene. 
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^TMs is obtained, along with, farnesol, when nerolidol is treated 
with acetic anhydride. It seems probable that its structure is 
this : 


CH. 


.0. CH 


*•2' 

I 


HsC^ 


CH 


CH 


CH 


CH, C— CHg 
CH 


.Cs 


Tamesene. 


C. — ^Bisabolol and Bisabolene^ 


Farnesene, when acted upon for some hours by cold acetic 
acid in presence of sulphuric acid, gives rise to the acetate of a 
monocyclic sesquiterpene alcohol. This alcohol is believed to be 
a-bisabolol, for which the structure below has been suggested. 


CH, 

I 

HO-C CH, 


CH, CH CH, 


CHa CHa C— CH 3 

\ XT' 


CH CH 


C 

/X 

CH3 CH3 

a-Bisabolol. 


^ Ruzicka, Eelv, Chim. Acta^ 1923, 6, 483; Ruzicka and Capato, ibid., 
925, 8, 259. 
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The alcohol is separable from faruesol by means of phthaho 
anhydride, which attacks farnesol but leaves bisabolol unaffected. 

The same closure of the farnesol open chain to a monocyclic 
grouping is brought about by means of 90 per cent, formic acid. 

The bisabolol obtained by either of these methods can be 
converted into a trihydrochloride which is identical with the 

trihydrochloride obtained from natural bisabolene. 

When this synthetic trihydrochloride is heated with acetic 
acid and sodium acetate, it is converted into a monocyclic 
sesquiterpene which has been shown to^ be the same as natural 
bisabolene. The concordance in properties is not absolutely exact 
between the natural and synthetic products, probably owing 
to the fact that hydrogen chloride may be eliminated in three 
different ways from the molecule : 

CH3 



CHg 

C 


/\/ 


CH CH 


Cl-C 

/\/ 

CH 2 CH 





\ 

\ ■■■■■ 

\ 


dig 

C 


/K/ 

g C 


/\/ 

CHa CH 


The synthetic bisabolene is thus in all probability a mixture 
of two or three hydrocarbons which are very difficult to separate ; 
and hence a slight divergence between its properties and those 
of the natural material is to be expected. In boiling-point, 
density, and refractive index, the values are very close in the 
case of the two compounds. 

Ozonization of either synthetic or natural bisabolene yields ^ 


^ Ruzicka, and Veen, Annalen, 1929 468 , 133 . 
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acetone, laevulinic acid, and succinic acid. This is easily ac- 
counted for, if bisabolene has the following structure. 

CH3 Y 

C CHj 

HaC/Xc/NcHj, 

H,C CHo-., C-CH, 

“\ \X 

CH GH 

X II 

H3C CHg Z 

Bisabolene. 


Rupture of the molecule at X yields acetone ; and further fission 
at Y and Z gives rise to two molecules of laevulinic acid, from 
which succinic acid can be produced by oxidation. 

Bisabolol and the trihydrochloride of bisabolene have been 
synthesized by a method which does not depend on any re- 
arrangements, and confirms beyond doubt the positions of 
the double bonds of the alcohol. When 4-acetyl-l-methyI- 
A^-cyclohexene (V.) was condensed with the Grignard reagent 
from 6-bromo-2-methyI-A^"pentene (VI.), bisabolol (VII.) was 
formed.^ The alcohol yielded with hydrochloric acid the 
trihydrochloride of bisabolene (VIIL), identical with that 
obtained from nerolidol through farnesene (see p. 125). 
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^OH 


CHg^C-CH 

^cr 


CHs CH, 
(VIL) 


H 


CHj <.,^2 

Cl 

/C-Cl 

CHi^CHs 

(VIII). 


D.— -Cadalenb and Eudalene 

At this point it seems advisable to indicate how the nature of 
the sesquiterpene skeletons can be ascertained, since a knowledge 
^ Buzicka and Liguori, CMm. *4cto, 1932, 15, 3. 
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of the relationships between the various members of the class 
is thus made simpler. 

In 1903, Vesterberg^ observed that when abietic acid was 
heated with excess of sulphur to 200*^ 0, and subsequently to 
250*^ C. a small yield of the hydrocarbon retene was obtained. 
This process evidently is a method of removing hydrogen and so 
converting a reduced member of the benzene series into its parent. 
For some reason, this discovery of Vesterberg’s does not seem to 
have attracted the attention it deserved ; and it was only after 
a number of years that it found a wider application. 

Ruzicka and Meyer ^ applied Vesterberg’s method to the 
sesquiterpene cadinene, and in this way they obtained a new 
hydrocarbon, cadalene, which has the formula Cjl 5 H;^ 8 * Since 
this substance, from its formula, should be highly unsaturated, 
it was tested with bromine ; but it refused to absorb the halogen. 
This behaviour suggests a benzenoid character ; and that idea is 
strengthened by cadalene forming a picrate. Potassium per- 
manganate oxidizes cadalene readily at ordinary temperatures; 
and this suggests the elimination of one or more side-chains 
attached to a benzenoid nucleus, which, from the molecular 
formula, might be of the naphthalene type. 

By this time the structure of farnesol was known, and a 
consideration of its formula led Ruzicka and Seidel ^ to the idea 
that cadinene might have an analogous constitution and that 
therefore cadalene might be a naphthalene derivative of the 
following type : 



/\ 

CHg CHg 


1 Vesterberg, j5er., 1903, 36, 4200, 

2 Buzicka and Meyer, Eeh, CUm. Acta, 1921, 4, 505. 
® Bnzicka and Seidel, Hch. Ohim, Acta, 1921, 5, 369. 




CHg CH3 
(VII.) 

TMs view they tested by syntbesizing this derivative of 
naplitlialene in the following way. Oarvone (I.) was converted 
into 2“cymylacetic ester (II.) by using zinc and bromacetic ester. 
Tbe cymylacetic acid, obtained from the ester, was reduced to the 
corresponding alcohol by Bouveanlt’s method ; and the alcohol 
was then converted into the bromide (III.). This bromide was 
acted on by methyl-malonic ester, whereby the compound (IV.) 
was produced. This ester was hydrolysed ; carbon dioxide was 
split off from one carboxyl group ; and the chloride (V.) of the 
resulting acid was prepared. On acting on this with aluminium 
chloride, an internal FriedehCrafts reaction occurred, •with the 


VOL, n. 


K 
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production of the required naphthalene skeleton (VI.). The- 
compound (VI.) was then converted into the corresponding 
hydLarhon by reduction with sodium m alcohol, followed by 
hLing with sulphur. The final compound (VII.) proved to be 
identical with cadalene derived from sesquiterpenes. 

This svnthesis evidently establishes the structure of the 
cadinene skeleton beyond dispute. But investigation shows 
that cadinene is not the base of all the sesquiterpenes. For 
instance,! .jy^en the sesquiterpene alcohol eudesmol and the 
sesquiterpene selinene are dehydrogenated by the Vesterberg 
method, the reactions take the course shown below : 


CisHaeO + 3 S = CiAe + H^O + + CHg . SH 

C15H21 + 3 S = C14H16 + 2H2S + CHj . SH 


In each case, it wiU be noticed, a carbon atom is split off the 
skeleton of the sesquiterpene derivative ; and in both eases the 
hydrocarbon produced is eudalene and not cadalene. Since 
eudalene is an aromatic compound, this behaviour suggests thai 
the eliminated carbon atom must lie in a position which would- 
block the conversion of the sesquiterpene into an aromatic 
rin»-compound ; so that it has to be eliminated when ring- 
formation occurs. Now by analogy, it seems reasonable to 
suppose that the ring-compound formed is a naphthalene deriva- 
tive ; and this implies that the eliminated carbon atom must be 
attached originally to one of the two carbon atoms common to 
the two benzene nuclei in the naphthalene structure . 

C 


G 


C C 


0 0 0 

If it were attached anywhere else, it would merely become the 
nucleus of a normal substituent group ; whereas in this par- 
ticular position it must be removed before cyclization can occur, 
since these two atoms in the naphthalene structure carry no 
substituent groups. 

1 Kuzicka, Meyer and Mingazzini, Helv. CMm. Acta, 1922, 5, 345. 
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^ This view of the eudalene structure leaves the remainder 
of the constitution unsettled ; and the next point is to establish 
the location of the substituents. The first possibility which 
need be considered is that eudalene is apo-cadalene. If so, it 
must have either of the following structures ; 


CH3 



C3H7 C3H, 


This conception of eudalene’s constitution is negatived decisively 
by the fact that Ruzicka and Mingazzini^ synthesized both 
these compounds and found them to be different from eudalene. 

A fresh hypothesis is suggested by the following evidence.. 
JVhen cadalene is oxidized with chromic acid,^ it yields a naph- 
thoic acid, which proved to be 6-methyl-4-isopropyl-l-naphthoic 
acid (I.). On heating this with soda-lime, the carboxyl group* 
is eliminated ; and on oxidizing the methyl-isopropyl-naphtha- 
lene (II.) thus formed, the product is 1 : 7-naphthaIene dicar- 
boxylic acid (III.). Now the same acid is produced from eudalene 



^ Ruzicka and Miiigazzini, Helv, Ohim. Acta, 1922, 110. 

2 Ruzicka, and Mingazzini, Helv. Chim. Acta, 1922, 5, S45. 
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on oxidation. Since eudalene is not opo-cadalene, the only 
possible explanation of these reactions is the one indicated in the 
formute on page 131. Eudalene is therefore a position-isomer 
of apo-cadalene (II.), situations of the methyl and isopropyl 
groups being exchanged. 

This view has been confirmed by a synthesis of eudalene ^ 
on the same lines as that already described in the case of cadalene. 

Since it has already been shown that the carbon atom elimi- 
nated during the formation of eudalene from the sesquiterpenes 
must be attached to one or other of the central atoms of the 
naphthalene structure, only two possible sesquiterpene skeletons 
can be made to agree with the facts : 

C 


C 

/\l/\ 

C G C 

\ I I I 

>c— c c c 

c c 


c c 

/\/\ 
C C 0 

1 I I 
>c— c c c 


0 


c 


(I.) 


c 

, I 

C 0 
(II.) 


Since (II.) cannot be derived from three molecules of isoprene 
owing to the contiguity of the two methyh radicles which it 
entails, the skeleton (I.) is to be preferred. 

It is thus established that two main types of skeleton exist in 
the sesquiterpene series : the cadalene type and the eudalene type: 

. CH., , 



C 
/\ 

GHs CHa 

Cadalene Type. 



.Eudalene Type. 


^ Ruzicka and Stoll, HelVu Chin. Acta^ 1922, 5, 923. 
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Tiie manner in wMcli skeletons of these types can be built up 
from isoprene molecules is suggested in the formulae below : 

CH, 


OH, 


CH, 


0 

/\ 

OH OH, OH 


CHa CHg C-CHg 


OH 


OH, 


CHg 

G CHa 

CHo 

i 

}C-GR 
GE/ \ 

CH, CH 

. 


OH CHa 

I 

G 


CHg 0 


OH, 


CHa CHg 

Cadalene Type. 


Eudalene Type. 


It will be seen from tbe above arrangements that the three 
isoprene molecules could be linked together into (1) an olefinic 
©pen chain ; (2) a monocyclic grouping with three side-chains ; 
or (3) a reduced naphthalene derivative with three side-chains. 

E.— Cadinene and the Cadinols 

Cadinene is a widely distributed sesquiterpene found in 
oleum cadinum, oil of cubebs, galbanum oil, the oil of angostura 
rind, juniper wood, and many other sources. 

It is optically active, showing that it contains at least one 
asymmetric carbon atom ; and it takes up two molecules of 
hydrogen chloride, which indicates that it has two double bonds 
in its structure. 

On dehydrogenation by Vesterberg’s method or with platinum 
black in vacuo at 300® C. it yields cadalene,^ which establishes 
the fact that it contains the skeleton : 



This leaves the positions of the two double bonds still in doubt. 
^ Euzicka and Stoll, Edv, GUm, Acta, 1924, 7, 84. 
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Since the isopropyl group appears in cadalene, it seems 
probable that it exists also in cadinene ; which leads to the 
inference that both the cadinene double bonds are situated in 
the cyclic portion of the structure. Now on ozonization, cadinene 
yields a product which contains all the carbon atoms of cadinene. 
This disposes of the possibility that both double bonds are in 
the same ring of the structure, since in this case the carbon 
atoms between the two double bonds would be eliminated during 
the decomposition of the ozonide. Further, attempts to reduce 
cadinene with sodium and amyl alcohol proved unsuccessful, 
which suggests that the two double bonds do not form a con- 
jugated system. 

Oxidation with manganese dioxide and sulphuric acid leads 
to the production of 1:2:3: 4-benzene tetracarboxylic acid 
(prehnitic acid) (I.) * and trimellitic acid (II.) ; 

COOH 

COOH HOOC 

\/\. 



-COOH 


HOOC 


COOH 
COOH 

(I.) (II.) 

There is a very close relationship between cadinene and 
the hydrocarbon copaene. When copaene is treated with 
hydrogen chloride it is converted into cadinene dihydrochloride. 
Copaene contains only one double bond, and this has been proved 
to be adjacent to the carbon atom carrying the isopropyl group, 
at position 6-7.^ 




CH, 

I ' 
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HgCs %oCH"YCH2 
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OH, CH 


Copaene. 
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* Note : This acid has also been referred to as mellophanic acid. See 
Bamford and Simonsen, T., 1910, 97, 1904, and Smith and Byrkit, J, Amer, 
Chem. 8oc,, 1933, 55, 4305. 

^ Semmler and Stenzel, Ber,, 1914, 47, 2555, 
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•^It may be concluded then, tbat one of the double bonds of 
cadinene (III.) is similarly placed. Since the other double bond 
cannot be in the same ring, and does not form part of a conjugated 
system, it follows that there are only four possible positions for 
this double bond in ring II., as position 4-5 is conjugated with 
position 6-7. Position 1-2 may also be ruled out as a compound 
of this structure would isomerize under the influence of acid 
with a shifting of the double bond to position 2-3. Cadinene is 
not isomerized by warm dilute acid. Of the three remaining 
possible positions for the second double bond the two adjacent 
to the carbon atom carrying the methyl group, that is positions 
2-3 and 3-4, are preferred ; and until further evidence is forth' 
coming and the synthesis accomplished, cadinene may be re^ 
garded as having one or other of these structures (III.) or as 
being a mixture of the two hydrocarbons, referred to as a- 
and p-cadinene, 


E,C 

HO, 


OH3 


CH 
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QH CJ-CH3 
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OH, 
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CHj 

HgO \!H CHj 


CH 
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GHg Ah, 
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Closely related to cadinene is the sesquiterpene alcohol 
cadinol ^ which is found in galbanum oil. By the loss of a mole- 
cule of water, cadinol is converted into cadinene, so that it 
evidently contains the cadalene skeleton. Since the hydroxyl 
group of cadinol fails to interact with phthalic anhydride, it may 
be inferred that cadinol is a tertiary alcohol. 

With some difficulty, cadinol was reduced to dihydrocadinol 
by means of hydrogen and platinum black ; and on boiling the 
dihydro-derivative with 90 per cent, formic acid, a dihydro- 
cadinene was produced. 

On ozonizing this dihydrocadinene, a keto-aldehyde and a 
keto-acid were produced by the disruption of the remaining 

^ Kuzicka and Stoll, Helv^^ Chim, Acta, 1924, 7, 94, 
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single bond. By ozonizing cadinene itself, a compound 
was obtained, which was conjectured to be an unsaturated keto- 
alcohol. This substance when treated with 95 per cent, formic 
acid yielded a ketone C15H22O, containing two double bonds. 
On oxidation with manganese dioxide and sulphuric acid, this 
ketone yielded only prehnitic acid. 

In order to account for these rather confusing results, Kuzicka 
and Stoll suggested that “ cadinol ” is really a mixture of three 
substances corresponding to the formulse shown below. It will 
be seen that even this does not entirely clear away the whole 
of the problem’s difficulties. 
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HO-C CH 

1 

CH 


CH3 CH3 

a-Cadinol. 


HO-C CH, 

I ; 

CH 

/\ 

CH3 CH3 
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The action of concentrated formic acid upon cadinene lias 
been studied independently by Eobertson, Kerr, and Henderson.^ 
The chief product was found to be a sesquiterpene (or mixture 
of sesquiterpenes) which refused to form any stable compound 
with hydrochloric acid. 

On heating cadinene with glacial acetic and sulphuric acids, 
Henderson and Robertson ^ obtained an isocadinene, which 
seems to be produced also by heating cadinene in a sealed tube 
with glacial acetic acid. This last product easily resinified in air, 
decolorized permanganate solution and absorbed bromine with 
the liberation of hydrogen bromide. It refused to yield a solid 

1 Robertson, Kerr, and Henderson, J., 1925, 127, 1944. 

Henderson and Robertson, J., 1924, 125, 1992. 
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nitrosochloride, nitrosite, or nitrosate. Further investigation ^ 
lias shown that this isocadinene is probably identical with a 
sesc|uiterpene previously obtained from cade oil ^ and differs 
from cadinene only in the positions of the double bonds. The 
physical properties of isocadinene show so close a resemblance 
to those of one of the hydrocarbons synthesized by Euzicka and 
Capato, as mentioned above, that it seems almost certain that 
all three compounds have a common structure. 

Henderson and Robertson suggest the following formula for 
isocadinene : 

CH3 

I 

OH CH, 

H,C C CHo 

1 I r 

HaC C C-CH3 

\/\/ 

. CH CH 

OH 

/\ 

HjC CH3 

Isocadinene, 


F. — ZmOIBERENE^ 

This sesquiterpene, found in ginger oil, presents certain 
points of interest owing to sundry anomalies in its behaviour. 
Its molecular refraction is 68-37, which obviously lies between 
the values 69-60 and 67-87, which have been calculated for an 
open-chain and a monocyclic sesquiterpene. It ought therefore 
to have in its structure at least three, and possibly four, double 
bonds. In practice, however, it takes up only two molecules of 
hydrogen chloride ; and it refuses to form a trihydrochloride. 

^ Henderson and Robertson, J., 1926, 129, 2811. 

2 Troger and ‘Peldmann, Arch, Fliarm,, 1898, 236, 692. 

® Semmier and Becker, Rer., 1913, 46, 1814 ; Rnzicka, Meyer, and 
Mingazzini, Hdv, Chim, Acta, 1922, S, 359 ; Ruzicka and Veen, Anncblenf 1929, 
468, 143. 
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Further, it was found impossible to regenerate zingiberene from^ 
the diliydrocliloride. 

A partial explanation of these anomalies is to be found on 
the basis of two assumptions. First, if zingiberene is a mono- 
cyclic sesquiterpene containing two conjugated double bonds, 
the well-known optical effect of conjugation might tend to raise 
its refractivity above the normal calculated value for this class. 
Secondly, under the action of hydrochloric acid, zingiberene 
might become converted into a dicyclic structure by ring-closure ; 
and this new isozingiberene might not be reconvertible into the 
original hydrocarbon. 

In the first place, it is necessary to prove that in zingiberene 
there are actually three double bonds. This has been done by 
reducing the hydrocarbon with hydrogen in presence of platinum 
black, whereby hexahydro-zingiberene, C15H30, is formed. From 
this it is clear that zingiberene is actually a monocyclic 
sesquiterpene. 

Secondly, it is necessary to clear up the question of the 
possible conjugation of the bonds in the zingiberene structure. ' 
On reducing zingiberene with sodium and alcohol, two hydrogen 
atoms are attached to the molecule, producing dihydro-zingi- 
berene, C15H20. The molecular refraction of this dihydro- 
derivative was found to be 68*36, whilst the calculated value, 
on the basis of two isolated double bonds in the molecule, is 
68*25. The agreement here is close enough to prove that the 
two double bonds in the molecule are isolated from each other ; 
and when it is compared with the marked divergence between 
observed and calculated values in the case of zingiberene itself, 
it is sufficient to suggest that during the reduction the conju- 
gated system has been attacked and replaced by a single ethylenic 
linkage. 

Thirdly, we must consider the conversion of zingiberene into 
isozingiberene. By treating zingiberene with glacial acetic acid 
and sulphuric acid for some hours, isozingiberene was produced. 
Its refractive index was found to be 66* 50, whilst that calcu- 
lated for a dicyclic sesquiterpene is 66*13 ; so that the agree- 
ment between the values is fair. Further, on reduction with 
hydrogen and platinum black, isozingiberene yields a tetrahydro- 
derivative instead of the hexahydro-compound obtained under 
similar conditions from zingiberene ; which shows that one double 
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ybond of zingiberene lias disappeared during the formation of 
isozingiberene. This evidence proves conclusively that iso- 
zingiberene is a dioyclic sesquiterpene. 

Fourthly, the question of the action of hydrogen chloride 
must be examined. When isozingiberene is treated with hydrogen 
chloride in dry ether, it yields the same dihydrochloride as that 
which is obtained from zingiberene itself under identical condi- 
tions. This proves that the dihydrochloride arises from isozingi- 
berene, which has only two double bonds ; and that it is formed 
from zingiberene itself only after a cyclization has taken place 
under the action of the hydrogen chloride. On treatment with 
alcoholic potash, the dihydrochloride regenerated isozingiberene 
without any accompanying zingiberene. This evidence shows 
definitely that zingiberene itself is converted into isozingiberene 
before any attachment of hydrochloric acid occurs. 

Fifthly, both zingiberene and isozingiberene yield cadalene 
on treatment with sulphur by Vesterberg’s method. This 
proves that both the monocyclic and dicyclic hydrocarbon have 
* the cadalene skeleton as their bases. 

Sixthly, when hexahydro-zingiberene is dehydrogenated by 
passing it over palladised charcoal, C-i^-tolyl-p-methylheptane 
(I.) is formed, which on oxidation with chromic acid yields acetic, 
oxalic, and terephthalic acids. The dehydrogenation product 
(I.) has been synthesized by acting on methyl-heptenone 
(II.) with magnesium j9-tolyl bromide and subsequently 
subjecting the resulting compound to dehydration and catalytic 
reduction. 
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Fitting together the foregoing evidence, the following struc- ^ 
tures may be ascribed to zingiberene and isozingiberene : 
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Zingiberene. 

Isozingiberene. 


The position of the methyl group in the side-chain of zingi- 
berene (and that of the corresponding methyl radicle in the 
isozingiberene formula) is not the same as that which was pro- 
posed by Semmler. He placed the methyl group on the adjacent 
atom of the side-chain ; but obviously his proposed structure 
could not yield cadalene. 

It will be seen from the foregoing that the zingiberene 
problem presents some points of interest ; and that it illustrates 
the manner in which refractive index can be utilized as an aid 
in the field of the sesquiterpenes. 

G. — ^The Selinenes 

The compoimds hitherto discussed in this chapter have all 
been based on the cadalene skeleton ; but with the selinenes we 
reach the eudalene group. 

Celery-seed oil contains a sesquiterpene originally termed 
selinene, but now known as p-selinene in order to distinguish 
it from an isomeric hydrocarbon which is obtained from it in the 
following way. Like cadinene, p-selinene yields a bis-hydro- 
chloride ; and by careful treatment of this hydrochloride with 
caustic soda in methyl alcohol solution, an isomer of natural 
selinene is produced. This a-selinene, as it is termed, unites 
with hydrochloric acid again to form the same bishydro- 
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•^cMoride as is obtained from p-selinene ; but tlie two hydro-* 
carbons are not identical, being structurally isomeric with each 
other. 

This is easily proved from the results of ozoiiization.^ The 
p-selinene gives a good yield of a diketone, Ci3H2o02, along 
with minor quantities of acidic oxidation-products. The a- 
selinene, on the other hand, produces only a small yield of this 
ketone ; and its main product is a carboxylic acid, 02^4112204. 
On further oxidation with alkaline bromine solutions, both the 
ketone and the dicarboxylic acid are converted into the same 
tricarboxylic acid, CigHisOe- 

When treated with sulphur by the Vesterberg method^ 
both selinenes yield eudalene ; so that both of them contain the 
skeleton : 



In order to account for the convertibility of p-selinene into 
a-selinene through a bishydrochloride common to both com- 
pounds, the simplest assumption is that the difference between 
the two sesquiterpenes is merely in the position of a double 
bond with respect to one carbon atom in the molecule. In 
a-selinene, the bond is supposed to be in the ring ; whilst in 
p-selinene it is assumed to unite a methylene group to the rest 
of the molecule : 
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Semmler and Risse, Ber,, 1912, 45, 3301, 3725. 

^ Ruzicka, Meyer, and Mingazzini, Eelv. Chim, Acta, 1922, 5, 345. 
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If this view be adopted, it helps to make clear one of the' 
difficulties of the selinene problem ; but we have still to define 
the position of the methyl group which disappears during the 
conversion of selinene into eudalene. Two positions are possible 
for this group, as was pointed out in an earlier section of this 
chapter; so that even on the above assumptions, natural 
selinene may be either (I.) or (II.)- 
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When a-selinene is boiled with alcoholic sulphuric acid, the 
double bond of the isopropylene group apparently migrates 
into the ring and a mixture of two substances is formed. These 
have been termed S- and s-selinene.^ 

The oxidation of (I.) would yield a tricarboxylic acid (la.), 
whilst the oxidation of (II.) would yield an acid of the structure 
(Ila.). 
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^ Euzicka and Stoll, Eelv. Chim. Ada, 1923, 6, 846. 
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Mow the actual tricarboxylic acid obtained from both forms of 
selinene is easily esterified 1 to a tri-ester. An acid of formula 
(Ila.), on the contrary, would be subject to steric hindrance 
owing to one of the — COOH groups being attached to a tertiary 
carbon atom. The evidence, therefore, is in favour of the 
tricarboxylic acid having the formula (la.) ; and hence the posi- 
tion of the eliminated methyl group is probably as shown in 
formula (I.). The structures of the two selinenes are thus, 
in all likelihood, those which are shown below : 
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R — Eudesmol 

The structure of this sesquiterpene alcohol from eucalyptus 
has been settled in the following manner. ^ 

Its properties indicate that it is a dicyclic tertiary alcohol con- 
taining one double carbon bond. Application of the Vesterberg 
method proves that eudesmol has the same carbon skeleton as 
that of selinene : — 


C 



C 


^ Riizicka and Stoll, Heh. Ghim. Acta, 1923, 6 , 846. 

^ Ruzicka and Capato, Annalen, 1927, 453, 62 ; Buzieka, Koolhaas, and 
Wind, Helv, CUm, Acta, 1931, 14, 1132. 
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The relationship between the selinenes (I.) and eudesmol (II,) 
was demonstrated to be still closer when from eacn the same 
dihvdroehloride (HI-) 'was obtainea. 



This limits the number of possible positions for the double bond 
and the hydroxyl group. Eudesmol forms a beimoyl derivative 
with ease. A hydroxyl group directly connected to a ring does 
not readily react in this way.^ This points to the tertiary 
alcoholic group being attached to the isopropyl group. This 
was confirmed by the production of 6-acetyl-4 : 9-dime y 
decahydronaphthalene (VI.) from dihydroeudesmol (IV.) by 
dehydration under very mild conditmns to the unsaturated 
hydrocarbon (V.) followed by ozonization. 




Eudesmol, like its relative, selinene is a mixture of oc- and 
forms, as ozonolysis yields both an oxyketo acid (VII.) and an 
oxyketone (VIII.)» 

^ Ruzicka and vsin Veen, A.%viQ>lG/n>) 1929, 476, 109. 
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Tlie production of the oxyketo acid (VII.) without the loss 
of any carbon atoms demonstrates the presence of a ring double 
bond in the molecule, and the formation of the oxyketone (VIII.) 
by the loss of one carbon atom from eudesmol indicates clearly 
that here the double bond lies in the side chain. The eudesmol 
prepared from selinene is largely the a-compound, whilst the 
%j3-form predominates in the oil from Eucalyptus Macarthuri. 

Decahydronaphthalene (decalin) derivatives such as selinene 
and eudesmol may possibly also exist in ois- and trans-foimB 
(see volume III, Chap. X), and this problem of stereoisomerism 
has been successfully investigated.^ A number of ^m9^s-tetra- 
hydronaphthalene homologues have been synthesized by known 
methods from the simpler hexane derivatives. Thus trans-i : 9- 
dimethyldecahydronaphthalene (VII.) was synthesized from 
2 : 6“dimethyi-A^-c?/c^ohexenyl methyl ketone (V.) through the 
diketo-compound (VI.), and some of its physical properties 
compared with the 4 : 9-compound (IX.) obtained by degrading 
eudesmol (VIII.). In treating the sesquiterpene derivatives, 
reactions likely to bring about rearrangement of the decahydro- 
naphthalene ring were avoided. 
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1 Riizicka, Koolhaas, and Wind, Heh. Chim. Acta, 1931, 14, 1151, 1171 : 
Kon and Qudrat-i-Khnda, 1926, 3071. 
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In similar ways transS : 9-dimetliyl-3-etliyl(ieca]iydronaplitlia» 
lene and other i^?m5-compoiinds were synthesized and compared 
with the corresponding derivatives from eudesmol. It was 
shown that the sesquiterpene derivatives had, in all the examples 
examined, the as-configuration. 


I— a-SANTALOL 

Sandalwood oil contains a large number of ethereal oils 
such as santene, C9H14, teresantalol, CxoHieO, the santalenes, 
C15H24J and p- and a-santalol. In the present section the con- 
stitution of this last substance will be discussed.^ To save 
continual repetition, the a- will be omitted and the compound 
will be referred to simply as santalol.'*^'' 

Santalol has the formula C15H24O. On oxidation with 
chromic acid, it yields an aldehyde, santalal, C14H21.CHO. 
This proves santalol to be a primary alcohol 

Further oxidation converts santalal into a lower aldehyde, 
ekasantalal, . CHO, which is also obtained direct from 

santalol by ozonization. This indicates that santalol has three 
carbon atomic separated from the rest of its structure by a double 
bond which is attacked by the ozone. 

^ Semmler and others, nen, 1907, 40, 1120 ; 1908, 41, 1488 ; 1909,42, 
584 ; 1910, 43, 1722, 1890 ; 1913, 46, 2300. 

* The reader is advised to consult the scheme on p. 148 as an aid to the 
comprehension of this section. 
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® From ekasaiitalal, tliroiigli its oxime and nitrile^ the acid 
. COOH, ekasantalic acid, is obtained, which can also be 
produced by direct oxidation of santalol with potassium per- 
manganate. This last reaction shows that ekasantalic acid 
contains no double bond ; for if it did, then further oxidation 
by the permanganate would take place. But if it contains no 
double bond in its structure, ekasantalic acid must be a tricyclic 
substance. Evidently this tricyclic system of ekasantalic acid 
is the kernel of the santalol structure. We shall return to it 
later. 

On heating with acetic anhydride and sodium acetate, eka- 
santalal yields the acetate of its enolic form : 

C 10 H 15 .CH 2 .CHO CioHi 5 .CH:CH(OH) CioHig.CH-.CH.O.CO.CHg 

Ekasantalal. Enolic form. Ekasantaial acetate. 

This reaction proves that ekasantalal has at least one hydrogen 
atom attached to the carbon carrying the aldehydic radicle, 
^ as otherwise enolization could not take place. 

On oxidation, ekasantalal acetate yields ^orekasantalic 
acid, C10H15 . COOH, which is obviously the lower homologue 
of ekasantalic acid, CnHi^ . COOH. 

Wof ekasantalic acid on reduction yields the aldehyde 
Morekasantalal, CgH^g . CHg . CHO, which forms an acetate like 
ekasantalal and can thus be converted into teresantalic acid, 
C,Hi3.C00H. 

Finally, when teresantalic acid is boiled with dilute sulphuric 
acid, it loses carbon dioxide and is converted into santene, 
C9H14, which has been shown by synthesis ^ to have the following 
■ structure : 

CH3— C CH CHg 

I, 

CHa 

I,. 

CH3— C CH 

■ Santene. ' ' ' ■ 

The scheme given below shows the various steps outlined in 
the foregoing paragraphs. 

^ Komppa and Hintika, Bull. Soc. chim., 1917 (4), 21, 13. 
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HaSO.! CqH 43 . COOH Oxidation CgH^g , CH : 0 . CO . CHg 

In order to establisli the santaJol constitution^ it is now 
necessary to retrace these steps in the inverse order, beginning 
with the known constitution of santene : 

CH3.C— CH— CHg 


CH^ . C 


Santene. 

In order to pass from santene back to teresantalic acid, a carboxyl 
group must be fitted into the molecule. At the same time, a 
further condition must be fulfilled. Santene is an unsaturated 
compound and its double bond offers a point of attack to oxidizing 
agents. Ko such group can be present in teresantalic acid. 
If it were, then teresantalic acid would be oxidized as soon as 
it was formed during the oxidation of norekasantalal acetate. 
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Tlie only plausible 'way of getting round this difficulty is to assume 
that teresantalic acid is a tricyclic substance— a conclusion 
supported by the refractmty of the compound. Semmler, 
from a complete examination of the properties of teresantalic 
acid, has attributed to it the structure shovim below. 
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Teresantalic Add. 

This structure for teresantalic acid is fully supported by 
its relationship to tricyclene^ (IV.) and to T-Tc-apocamphane- 
, carboxylic acid (dihydroteresantalic acid) (IX.). When tere- 
santalic acid was esterified (I.) and reduced, teresantalol (II.) 
was formed, and from this by the action of chromic acid the 
corresponding aldehyde (III.) was produced. By the Wolff 
method the aldehyde semicarbazone was reduced to tricyclene 
(IV.).^ 



(i) (XI) (HI) (IV) 


The structure of tricyclene is known from its relationship 
to isucamphane, pinene dibromide, camphor and camphene, and 
consequently any doubt about the position of the carboxyl 
group in teresantalic acid is removed. 

The conversion of teresantalic acid into 7-7r-apocamphane- 
carboxylic acid (dihydroteresantalic acid) has been accomplished 

1 Riizicka and Liebe, Helv. CMm. Acta, 1926, 9, 140. 

This method of reducing the >00 group to >CH 2 consists in heating 
the semicarbazone or hydrazone of the carbonyl compound to 170'’ C.-180® G. 
with sodium ethoxide, 

^ 'WoW, Annalen, 1912,894, 90, 
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by different methods, ^ one of which may be described. When- 
hydrogen chloride was added to teresantalic acid methyl ester 
(V.) the cyclopropane ring was opened and chlorodihydro- 
teresantalic ester (VI.) formed. This was reduced by means of 
sodium and alcohol to dihydroteresantalol (7r-borneol) (VII.). 
The aldehyde (VIII.) was obtained from the alcohol and then 
converted into T-ff-apocamphane-carboxylic acid (dihydro- 
teresantalie acid) (IX.). 

The structural scheme of the changes is : — 
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The constitution of T-Tr-apocamphanecarboxylic acid is known 
from its synthesis from camphor.^ 

It is to be noted that formula (IX.) may be written as (X.). 
The two differ only in the method of plane projection. By 
numbering the carbon atoms and emphasizing some of the 
linkages by heavy lines in the two structures the identity is 
made clearer. 
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I (9) ^ |{7) (8) 


0H2{5) 


^CHgCe) 


^ Hasselstrom, J. Amer. Chem» Soc.y 1931, 53, 1097. 
3 Hasselstrom, Ann, Acad, Fenn,, 1929, 30, 12. 
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In a similar way two projections of teresantalic acid, tricyclene 
and a-santalol may be written down.' 

The final part of the reconstruction is simple. Since santalol 
is a primary alcohol, the alcoholic radicle must lie at the extreme 
end of the chain which is attached to the tricyclic system. 

Further, since ozone breaks off three carbon atoms from 
the santalol system, there must be a double bond between the 
third and fourth carbon atoms of the side-chain. 

Lastly, this side-chain must be attached to the tricyclic 
system at the point where the carboxyl group lies in teresantalic 
acid. 

This reasoning leads to the following structure for santalol : — 


CH 



a»Saiitalol. 


J.— Eremophiloxe AND Eelated Hydroxy-Ketones 

Eremophilone, hydroxyeremophilone and hydroxydihydro- 
eremophilone have been isolated from the wood oil of Eremopkila 
MitchelU md their structures investigated.^ These compounds 
are of interest, as they were the first cyclic ketones of the sesqui- 
terpene group to be discovered. 


1. Eremophilone 

This compound has the molecular formula C15H22O, It is 
a ketone and contains two ethylenic linkages, as it can be cata- 
lytically reduced to tetrahydroeremophilone. One of the double 

^ Bradfieid, Benfoid, and Simonsen, «/., 1932, 2744. 



152 RECENT ADVANCES IN ORGANIC CHEMISTRY 
bonds is in tbe a [3 position to the carbonyl group thus; 

I I . ... 

— QO — C==C — . This grouping reacts m a characteristic way 
with alkaline hydrogen peroxide ^ and eremophilone follows the 

I I 

general rule in giving an oxide, — CO — C C — . That the 


ethylenic linkage is conjugated with the carbonyl group is further 
supported by the facts that eremophilone forms a compound 
with hydrogen sulphide, and has an absorption spectrum, typical 
of a compound containing a conjugated system of double bonds. “ 
Eremophilone yields an hydroxymethylene derivative and so a 
further constitutional step may be taken, and a methylene group 

.11 

placed adjacent to the carbonyl group, — CHg — CO — C=C — . 
On reduction to the alcohol, dihydroeremophilol, C^gHgeO and 
subsequent dehydrogenation with selenium, it yields the naph- 
thalene hydrocarbon, eudalene (L), one carbon atom being 
eliminated during the process. This gives us the main outline 
of the carbon framework of the molecule. Subsequent evidence 
indicates that the remaining carbon atom is attached at the 
angle position 10. 


When tetrahydroeremophilone (II.) is treated with methyl 
magnesium iodide and then dehydrogenated with selenium, it 
yields 1 : 6-dimethyl-7-iaopropylnaphthalene (III.) as shown 
above.^ The carbonyl group of eremophilone is therefore 
situated at position 5. This orientation is confirmed by the 
conversion of hydroxymethylene-eremophilone (V.) into 1 : 6- 


^ Weitz and Scheffer, Ber.^ 1921, 54, 2327. 

* Gillam, 1936, 676. 

3 BradheJd, Pritchard, and Simonsen, J., 1937, 760; 1938, 767. 
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dimetliyl-T-isopropylnaplitlialene (VI.) by reduction and de- 
hydrogenation as follows. 
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The alcohol, dihydroereinophilol, CigHgeO (VII.), on oxida- 
tion with ozone, gives formaldehyde and an hydroxy-ketone, 
C14H24O2 (VIII.). Further oxidation using sodium h3rpo- 
bromite yields an hydroxy-acid, C13H22G3 (IX.) and bromoform. 
This step by step degradation of dihydroeremophilol may be 

, OH2" 


interpreted by assigning the i^opropenyl, CHg— C — , structure 
to one of the side chains of eremophilone as above. It is obvious 
that this point of unsaturation cannot be the ethylenic linkage 
adjacent to the carbonyl group. The double bond conjugated 
with the carbonyl group must be at the position 4 r ”9 as position 
6 carries a CH^ group and position 10 a methyl group. Structure 
(IV.) may therefore be assigned provisionally to eremophilone. 
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2. HydroxyeremopMlone 

EremopMlone oxide when digested with acetic acid and 
sodium acetate ^ and then warmed with alkali yields, through 
its benzoyl derivative, hydroxyeremophilone identical with the 
natural compound. When hydroxyeremophilone benzoate is 
oxidized with ozone it yields more acetone than formaldehyde. 
It is therefore concluded that it occurs chiefly in the form having 


side-chain. The prolonged oxida- 


an ^soprop 3 didene, 

CH 3 / 

tion of hydroxyeremophilone benzoate with ozone yields a keto- 
acid, CjoHigOg, which may be reduced by Clemmensen’s method 
to a saturated acid, C^QH^gOg. The methyl ester of this saturated 
acid is converted into ortho-xylene when dehydrogenated with 
selenium. The acid must therefore have the structure ^ (X.) 
and the keto-acid, CigHigOg will be (XI.). From the information 
at present available a possible structure for hydroxyeremophilone 
is(XIL).2 
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Z, Hydroxy dibydroeremophilone 

This compound gives the reactions of an hydroxy-ketone 
containing one double carbon bond. It yields eudalene after 
reduction and treatment with selenium. Oxidation with ozone 
produces formaldehyde and traces of acetone. On catalytic 
reduction it takes up one molecule of hydrogen and passes into 
hydroxytetrahydroeremophilone (XIV.), which on further re- 
duction with sodium amalgam yields tetrahydroeremophilone 
(XIII.) identical with the compound obtained from eremophilone 

^ Bradfield, Hellstrom, Penfoid, and Simonsen, J., 1938, 767 1 Ann. Beports, 
1938, 276. . • 

2 Pertfold and Simonsen, J., 1939, 87. 
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itself by catal 3 /i:ic reduction. Oxidation of bydroxydiliydro- 
eremophilone witli alkaline hydrogen peroxide yields a diliydroxy- 
dicarboxylic acid, CigHggOe, which can also be isolated from the 
oxidation products of hydroxyeremophilone. All these facts 
point to a very close relationship between hydroxydihydro- 
eremophilone on the one hand and eremophilone and hydroxy- 
eremophilone on the other. The following scheme shows the 
connection between the three compounds and a possible structure 
(XV,) for hydroxydiliydroeremophilone. 
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K. — a- AND ( 3 -Cypeeone 
1. General 

a-Cyperone is the chief constituent of the higher-boiling 
fractions from oil of Cypems rotundus.^ It closely resembles 
eremophilone in a number of its chemical reactions, but is of 
special interest as compounds structurally identical with it 
and derivatives have been syntheshied. These syntheses are 
the only direct evidence so far obtained of the presence of a 
methyl group at the angle position 9 in the sesquiterpenes 
which yield eudalene on dehydrogenation. 

2. The Degradation Products and Structure of OL-Cyperone 

a-Oyperone is a dicyclic ketone containing two double carbon 
bonds. It can be reduced with sodium and alcohol to dihydro- 
a-cyperol (IV.), which by the action of selenium yields eudalene, 

i Hegde and Rao, J. 80 c. Chem. M., 1935, 54, 387 T. 
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and by tbe action of ozone produces formaldebyde and a keta- 
alcobol (V.). The 3 : 6-dinitro-benzoate of a-cyperol with ozone 
yields a ketone from which Fuson’s reagent * splits off iodoformd 
bn catal 3 dic reduction a-cyperone is converted into tetrahydro- 
a-cyperone (I.). This latter compound may be transformed by 
interaction with methyl magnesium iodide into the corresponding 
tertiary alcohol (II.), which yields 1 : 2-dimethyl-7-isopropyl- 
naphathalene (III.) on dehydrogenation.^ This shows that 
position 2 in the carbon framework of a-cyperone is occupied 
by the keto-group.^ The structure of tetrahydro-a-cyperone 
must therefore be (I.). The changes to the naphthalene deriva- 
tive may be represented as follows : — 


^CHj] .cm 
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3 /QH 
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OTaCHs^C OH2 
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It follows that diliydro-a-cyperol must be the related isopropenyl 
derivative (IV.)., as this structure alone explains the formation 
of the ketone (V.), which yields iodoform with Fuson’s reagent. 
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The second ethylenic linkage in a-cyperone is either conjugated 
with that in the isopropenyl group or with the carbonyl group, 
as it is reduced by sodium and alcohol. The conjugation of 
the two ethylenic linkages is very improbable on account of 
the resistance to reduction by sodium and alcohol of the hydro- 
carbon a-cyperene obtained from a-cyperone. No direct proof, 
however, is forthcoming of conjugation with the carbonyl group. 


This reagent contains dioxan, sodium hydroxide, iodine and potassium 
iodide, and is a modification of the solution used in the well-known^ iodoform 
test for alcohols and ketones. 

^ Fuson and Tullock, J, Amer, Ghem. JSoc,, 1934, 58, 1638. 

® Bradfield, Hegde, Bao, Simonsen an^ GiJIan, J., 1936, 667. 
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An oxide such as is obtained from eremophilone cannot be 
isolated, and no derivative is obtained with hydrogen sulphide 
in the presence of alcoholic ammonia. The hydrox}methylen0 
derivative of a-cyperone after reduction and dehydrogenation 
yields 1 : 3 -dimethyl- 7 “is*opropylnaphthalene, proving the pres- 
ence of a methylene group adjacent to the carbonyl group. 
This can only be at position 3 . The double carbon bond con- 
jugated with the carbonyl group cannot, therefore, be at position 
3 - 4 . This leaves two possible positions for the double carbon 
bond, either at 1-10 or 1 - 11 . A choice can be made between 



these two possibilities by considering the evidence obtained 
from the ozonolysis of a-cyperone semicarbazone.^- If a-cyperone 
has the structure (VI.) the product of ozonolysis of the semi- 
carbazone should be a compound with the molecular formula 
C15H23O4N3 (VII.). On the other hand if a-cyperone is 
(VIIL) the compound obtained would have the composition 
C, 4 H 2 x 03 N 3 (IX.) , 
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Oxidation of a-cyperone semicarbazone with ozone gave a 
compound which by analysis had the formula G15H23O4N3. 

^ Bradfield, Pritcliard, and Simonsen, J., 1937, 760. 
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Structure (VII.) is assigned to this substance, and consequently 
a-cyperone is formulated as (VI.). 


3. The Structure of ^-Cyperone 

When a-cyperone is treated with hydrogen peroxide in 
alkaline solution or by aqueous oxalic acid it is converted into 
p-cyperone ; and since the semicarbazones of both yield the 
same product of ozonolysis they are looked upon as stereo- 
isomerides, differing in the dispositions of the angle methyl 
and the isopropenyl groups. 


4. The Syntheses of the Oyperones 
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We may now turn to tte evidence afforded by tbe syntheses 
of tlie cyperones and their derivatives.^ 

When Z-tetrahydrocarvone (X.) was condensed with ethyl 
p-ohloropiopionate in the presence of sodamide the compound 
(XI.) was formed. This ester by the Reformatsky reaction, 
using ethyl a-bromopropionate, .yielded- the unsaturated dicyclic 
ketone, , C15H24O , (XII.). ..This " compound was., catalytically 
hydrogenated (XIII.) and converted via the Grignard reaction, 
and dehydrogenation into 1 ; 2-dimethyl«7-isopropylnaphtlialene 
(XIV) identical with that obtained from natural a-cyperone. 
When the starting material is Z-dihydrocarvone, containing the 
isopropenyl group, a similar synthesis leads to a ketone closely 
resembling [3-cyperone. The steps in the synthesis may be 
formulated as shown. on p. 168.. 

Finally another synthesis may be recorded. The methiodide 
of l-diethylaminopentan-3-one (XV.) and the sodio-derivative of 
l-dihydrocarvone (XVI.) were condensed to give the diketone 
(XVIL). This compound was dehydrated and cyclized by 
godium ethoxide in benzene solution with the formation of 
a-cyperone (XVIII.). With cold 50 per cent, sulphuric acid 
[3-cyperone was formed. 
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A comparison of a number of the physical properties of the 
synthetic cyperones with those of the compounds from natural 
sources points undoubtedly to structural identity. It is evident 
that these syntheses and the identity of the naphthalene deriva- 
tive (XIV.) obtained with that from natural cyperone are strong 
confirmation of the correctness of the structure assigned to 
a-cyperone. ■' 

y- Bradfield, Jones, and Simonsen, J., 1936, 1137; Adamson, MoQuillan, 
Robertson, and Simonsen, 1937, 1576. 
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. L — Azulenes 
1. General 

These compounds are of special interest, as they have been 
formulated as containing the cyc?opentane-c?/cfoheptane skele- 
ton. S-gnaiacazulene is regarded as being 1 : 4-dimethyl-7-'iso- 
propylazulene, containing five double carbon bonds, the positions 
of which have not been finally fixed. 
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Inspection of this structure shows that it contains three iso- 
pentane skeletons, and if the head to tail ’’ union of these 
groups is assumed thus, 
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the structure suggested for S-guaiacazulene is one of the possible 
arrangements. 

Azulenes may be separated from oil of chamomile and oil of 
geranium by shaking an ethereal solution of the oil with strong 
phosphoric acid solution.^ 

Many other essential oils contain or give rise to similar blue 
or violet substances. A considerable amount of work has 
recently been done on these compounds and several isomeric 
azulenes identified.^ They are hydrocarbons having the 
molecular formula, C^gHig. The substance obtained from oil 
of chamomile has been named chamazulene and that from guaiol 
by dehydrogenation, S-guaiacazulene.® All the azulenes yield 
decahydro-compounds, and also from measurements of their 
refractivities it is concluded that they contain a dicyclic system 
and five double bonds. 

1 Sherndal, J. Amer, Chem, JSoc,, 1915, 37, 167, 1537. 

® Pfau and Plattner, Mdv, Ohim. Actaj 1936, 19, 858 ; Plattner and Pfan, 
ibid., 1937, 20, 224. 

® Euzicka and Rudolph, Helv. Chim. Acta, 1926, 9, 1X8 ; Ruzicka and 
Haagen-Smit, ibid., 1931, 14, 1104, 1122, 
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** 2. The Degradation Products and Structures of the Amlenes 


Guaiol after reduction with hydriodic acid and red phos- 
phorus followed by dehydrogenation with sulphur yielded an 
azulene fraction and some 1 : 4-dimethyl-6-i5opropyhiaphthalene. 
Similar treatment of Java vetiver oil gave 1 : 5-dimethyl"7- 
isopropylnaphthalene. The conclusion that the azulenes contain 
the eudalene dicyclic system has been rejected on the grounds 
that completely reduced eudesmol derivatives give naphthalenes 
but no azulenes on dehydrogenation. 

Oxidation of reduced S-guaiacazulene gives rise to a dibasic 
acid containing all fifteen carbon atoms of the original azulene. 
The formation of this acid is the outcome of ring-fission, and 
from it a ketone containing fourteen carbon atoms in the mole- 
cule is obtained. Dehydrogenation of the ketone yielded a 
phenolic compound ; a series of changes which can be explained 
on the assumption that a seven-membered carbon ring was 
present in the original azulene. 

It is suggested that the production of 1 : 4-dimethyl-6- 
isopropylnaphthalene (III.) from S-guaiacazulene (I.) is by intra- 
molecular rearrangement involving the transfer of a methyl- 
group as shown below, 
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By similar changes vetivazulene, which is said to have the 
skeleton (IV.), is regarded as yielding 1 : 5-dimethyl-7-isopropyl- 
naphthalene (V.). 
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3. The Synthetic Azulenes 

TKese conclusions on the problem of the structures of the 
azulenes receive support from syntheses of related compounds. 
When the cyclopenteno-cycloheptmone (VI.) was condensed with 
methyl magnesium iodide and the end-product dehydrogenated 
by nickel, an azulene type of compound (VII.) was formed. The 
structure shown was given to this substance, 4-methylazulene. 
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Azulene itself and other 4-substituted azulenes have been pre- 
pared in a similar way. Comparisons of the absorption spectra 
and other physical properties of the synthetic and natural 
azulenes lead to the conclusion that they all are of the same type. 
The positions of the double bonds have not been fixed with 
certainty, but the provisional structures (VIII.) and (IX.) have 
been given to S-guaiacazulene and vetivazulene. 
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M. — The Caryophyllenes 
1. General 

Eugenol occurs in tlie buds of lEugenia caryophyllata Tlmnb., 
from wMcb oil of cloves may be obtained. In addition to 
eugenol Wallacb and Walker ^ isolated a second terpene fraction 
to wbich tliey gave tbe name caryopbyllene. By tbe action of 
nitrosyl cMoride Deussen^ obtained from ^'natural caryo- 
pliyilene ” two independent nitrosocblorides, one of wbicb was 
optically inactive, tbe other optically active. Thus natural 
caryophyllene ’’ is a mixture of at least two hydrocarbons, in- 
active a-caryophyllene and laevorotatory p-caryophyllene. By 
the action of sodium nitrite and acetic acid the ^-caryophyllene 
fraction yields a nitrosite, which on boiling with alcohol is con- 
verted into y-caryophyllene. This hydrocarbon is probably 
present also in the “ natural ” oil. No one of the three sub- 
stances has yet been isolated in the pure state and consequently 
^interpretations of experimental results have at times been 
extremely difficult. Well-defined crystalline derivatives have, 
however, been prepared and investigated. The chief constituent 
of clove oil appears to be ^-caryophyllene. On heating natural 
caryophyllene ” with glacial acetic and dilute sulphuric acids, 
hydration occurs and the product is caryophyllene alcohol, 
which on dehydration yields a fresh hydrocarbon clovene.^ By 
a modification of the dehydration process another hydrocarbon, 
i^oclovene, has been isolated.^ The molecular formula of each 
of the five hydrocarbons is 03^51124. 

With regard to the number of rings in each of these com- 
pounds, the evidence is fairly clear. A dicyclic sesquiterpene, 
C15H24, must contain two double bonds in its structure ; whilst 
a tricyclic one has only a single bond. Now a-caryophyllene 
forms a nitrosochloride, by which process one double bond is 
saturated ; and this nitrosochloride takes up one molecule of 
halogen acid, proving the presence of a second double bond in 
the molecule.® The nitrosite of p-earyophyllene is obviously 

^ Wallach and Walker, 1892, 271, 283. 

2 Deussen, AnTialen, 1907, 356, 1. 

® Wallacii and Walker, AnnaUn, 1892, 271, 283. 

^ Henderson, McCrone, and Robertson, 1929, 1368. 

5 Benssen, AnnaUn, 1912, 388, 157 ; /. p*. Chem,, 1914, [2], 90, 325. 


i 64 recent advances IN ORGANIC CHEMISTRY 


formed by the attacbment of double bond ; and 5 t 

takes up a molecule of halogen acid, wbicb establishes the presence 
of a second double bond.^ The fact that y-caryophyllene con- 
tains two double bonds is proved by its forming a bishydro- 
chloride.^ In the cases of clovene and isoclovene, the necessary 
evidence is furnished by refractive index measurements.® The 
molecular refractions of the various C 15 H 24 types, calculated 
from the usual formula, are as follows 

Openchain compound with 4 double bonds [Ri]© = 69 *60 
Monocyclic „ „ 3 „ „ — 67*87 

Dioyclic „ 2 „ „ — 66*13 

Tricyclic „ „ 1 „ „ [R-Jd = 64*40 

Tetracyclic „ ?? 0 „ „ [R'Jn = 62*66 


The experimental value for clovene is [RJd= 64*1, and for 
isoclovene it is [R Jd = 64-11, both values being close to the 
64 • 40 required for a tricyclic substance. 


2. The Degradation Products of the Caryophyllenes 

Numerous decomposition products of the caryophyllenes 
have been isolated and examined. Interesting constitutional 
results have been obtained from investigations of the products of 
oxidation. The scheme on p. 165 shows some of the substances 
isolated and makes their relationships clearer. 

p- and y-caryophyllene fractions yield the same dihydro- 
chloride and it is probable that the two hydrocarbons differ 
only in the position of one double bond. Further evidence shows 

yCH, 

the presence of the isopropenyl, — 0 < _ , skeleton in the mole- 


cular structure 


of p-caryophyllene ; the 


i^opropylidene, 


"\0H, 


, arrangement is assigned to y-caryophyllene. 


Ozonization of the caryophyllene mixture yields four prin- 
cipal products, a keto-acid, CiiHigOg, a diketo-acid, C 44 H 22 O 4 , 
a ketone, CiQHjgO and a diketone, C 13 O 22 O 2 . Considerable work 
has been done on the two acidic products and structures have 


^ Deussen, AnnaUn, 1912 388, 157 ; J. pr. Chem., 1914, [2], 90, 325. 
2 Beussen, AnnaUn^ 1907, 356, 20 ; 1908, 359, 251 ; 1912, 388, 154. 

® Henderson, MoCrone, and Eobertson. J., 1929, 1368. 
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dJcarboxylic acid 

A 

oxld. 

ketone CjaHggO 


Til. Sait 


ketone GigHgoO 


dnm 'S. 


clovene C|gHjj 4 


Thorium i sait 
di carboxylic acid 

jNaOBr 

keto-acid pigHgeOg j 3 -caryophyilene alcohol 





CigH^gOH 


tetrahydrocaryo- 

phyllene 


dihydrocaryophyllene 


H, 




aminodihydro«.< — 1- nitrosite - 
jS-caryophyllene 

[methylate 

-CO 

1; 



CH.^OH ^ X.. dihvdrochioride 
h|o, ■ 

formaldehyde 
Caryo- q ozonide + 

phylienes >Ci5Hg40<5 formic acid 



dimethylamino-compound ’ 

loxid. I ketone CigHagON 


caryophyllene oxide 

Uoid C„H,50,N t 

dibasic homoearyophylleaio ketone, CioHjjO > 

acid e.oH„0, + 

diketone, CiaHjjO.NvO 


d-a^-worcaryophyllenic uj^q keto-acid \ 


acid 


C8H12O4 ^ 


Br^ 


HNO3 


d-cw-caryophyllenic 
acid CgHj^O^ 


■+ 


dibromoaorcaryophyilenic 


NaOH 

ibasic n; 
acid 

NaOBr 


dehydroworcaryophyllenic dibasic unsaturated acid 
acid GsHjqO^ GigHj^gO^ 

O3 


GuHxsOa 

diketo-acid j as-dimethylsuccinic 

G1.1H22O4 Nfir\ 


keto dibasic acid 


ketodimethylglutaric acid 
G7H40O5 


ketodibasic acid 


a^-dimethylsuccinic acid 
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been assigned to them and to p-caryopliyllene. On tlie otbeiv 
band tbe two ketones bave not received mncb experimental 
attention. It will be convenient to deal with each keto-acid and 
its derivatives separately. 


3 . The Keto-acid^ CiiHigOs 


This acid when oxidized with nitric acid yields tbe dibasic 
caryopbyllenic acid, C9H14O4, and as-dimetbylsnccinic acid. 
Tbe detection of tbe succinic acid derivative proves tbe presence 
CHgx / 

of tbe grouping caryopbyllene system. In 

OH3/ \ 

addition, oxidation in tbis way, or by permanganate followed 
by nitric acid yields c?-cis-norcaryopbyllenic acid, CSH12O4, wbicb 
can be converted through the dibromo-compound into debydrO' 
norcaryopbyllenic acid, C8H40O4 (IV,). This dibasic acid is 
unsaturated and on oxidation yields first a'-keto-aa-dimetbyl- 
glutaric acid (VI.) and finally as-dimetbylsuccinic acid (VII. y 
Tbe simplest explanation of these latter changes is that the 
debydro-acid (IV.) is 3 : S-dimetbyl-A^-ct/cZobutene-l : 2-di- 
carboxylic acid, and that cZ-as-norcaryopbyllenic acid (III.) 
is €?-cis -3 : 3-dimetbylc2/cZobutane-l : 2-dicarboxylic acid.^ Tbe 
structures are given below. 


CH3 

>C C— COOH 

/ ! I +Br2 


~C~COOH 


CH, 


~-C--COOH 

\h 

^ITL) 


-2HBr 


-C— COOH 


CH, 


/ 


(IV.) 


C COOH Aik. 


\c~CO— COOHl 
CH3/ 

HoC~CO— COOHl 
Intennediate 
compound 


CH, 


H 3 O 2 CH. 


O3 


^C— COOH 


HjC COOH ■ 

(VII.) 


HjO— CO— COOH 

(VI.) 


Kamage and Simonsen, J., 1934, 1806 ; 1935, 532. 
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These conclusions have been confirmed by the syntheses of cis- 
and tmns-dl-nofCMjo^hjllemc acids and dehydro-norcaryo- 
phyllenic acid.^ Ethyl aa'-dibromo-p^-dimethyladipate (VIII.) 
was refluxed with sodium cyanide in ethyl alcohol to effect ring 
formation. The cyano-ester (IX.) obtained was heated with 
hydrochloric acid to hydrolyse and decarboxylate it. Further 
heating with acid under pressure yielded dl’-trans-^ : 3-dimethyl 
cyclohntme-1 : 2-dicarboxylic acid (X.) identical with norcaryo- 
phyllenic acid from natural sources. The c?Z-aVacid was ob- 
tained through the clZ-^mns-anhydride. 

The dl4mns-mid was treated with phosphorus pentachloride 
and then with bromine. The bromo-compound was esterified 
with methyl alcohol and then converted into 3 : 3-dimethyl-A^- 
cydohutene-l : 2-dicarboxylic acid (XI.) by the action of alcoholic 
potassium hydroxide followed by concentrated hydrochloric 
acid. This unsaturated acid was found to be the same as de- 
hydro worcaryophyllenic acid derived from natural caryo- 
^phyllene. The following represents the steps in the syntheses : 




CH3. / 

Vi C--COOC.H 5 . 

\Er NaCNCH- 


CH, 


CH,. CH3 

No C--COOC2H5 >C C— C00C,H5 

oh/ I 


/• 


Br 


HjC C— COOC3H5 

(VIII.) 


or 


H^C C— COOCoHs 


HaC C— COOC2H5 

^CN 


(IX.) 


CH. 

OH. 


— -C— COOH ™ 

/ 1 II -Br2 etc. CH, 


>0 0— COOH 

I 


HaC- C-~~COOH 


(XL) 


H2C— -C—COOH 

(X.) 


It is obvious that the synthesis of norcaryophyllenic acid estab- 
lishes beyond any doubt the presence of the dimethyl-cj/cZobutane 
ring in the caryophyllene structure. 


^ Bydon, J., 1936, 593. 
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The relationship between norcaryophyllenic acid and homo-^ 
caryophyllenic acid has been established in the following 
way.^ 

The methyl-ester of <Z-as-nofcaryophyllenic acid (XII.) was 
reduced to the glycol (XIII.), from which the dibromo-componnd 
(XIV.) was prepared. The dibromo-componnd was converted 
into the dinitrile (XV.) and finally hydrolysed in the presence of 
methyl alcohol to the ester of homocaryophyllenic acid (XVI.). 
From a comparison of their dianilides it is thought probable that 
this synthetic homocaryophyllenic acid and the homo-acid 
obtained by the action of ozone and sodium hypobromite on 
caryophyllene are identical. 


CH 


> 


/ 

-C— COOCH, 


Ka CH, 


.\ 

Xc c— CH^GH 


HjC C— COOCHs 

(XII.) 


CH3. 

\c C-CHjBr 

PBr, CH3/ I 


H 3 C C— CHjOH 

- \h 

(XIII.) 


(XIV.) 

I EON 


CH3. 

)C— C— CHa . COOCH 3 
CH3/ I 


H.C C— CH, . COOCH 3 


CH3OH CH3/ 

+ 

" H,0 


\ / 

Xc c— CH,.CN 


\h 

(XVI.) 


HCl 


C— CH^.CN 


(XV.) 


The relationship between c^-cis-caryophyllenic acid and 
norcaryophyllenic acid has also been established.^ Caryophyllenic 
acid was converted into bromocaryophyllenic acid and treated 
with silver oxide in aqueous solution. The hydroxy acid formed 
was oxidized successively with lead peroxide and potassium 
permanganate, yielding (^-m-norcaryophyllenic acid. It follows 
that caryophyllenic acid must have one of the two structures, 
(XVIL)or (X\T:IL). 


1 Ramage and Simonsen, 1937, 73, 

® Ramage and Simonsen, J., 1935, 532. 
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CH3. 

CH3/ I 




-CH 


COOH 


jC— CH 

^COOH 

(XVII.) 


CH3. 
CH3/ I 

I 

H3O 


/ 

-CH 


COQH 


CH COOH 

(XVIII.) 


With this information regarding the structures of caryophyllenio 
and homocaryophyllenic acids it is now possible to give a structure 
to the more complex keto-acid, CnHigOg (XIX.), obtained 
directly from caryophyllene by ozonolysis. The keto-acid yields 
homocaryophyllenic acid (XX.) on treatment with sodium 
hypobromite. This change may be represented as follows : — 


CH 3 X J 

)G CH CO-^CHg 

CH3/ 5 

HgC CH COOH 


'^CH3/ 

(XIX.) 


CH3. /CH3^ 

)C CH COOH 

NaOBr CH3/ | I 


H3C CH COOH 

^CH^/ 


(XX.) 


4 . The Diketo-acid, C14H22O4 

This diketo-acid when oxidized with nitric acid yields caryo- 
phyllenic acid and as-dimethylsuccinic acid, giving an indication 
of the structural framework of the compound. The action of 
sodium hypobromite on the diketo-acid (XXI.) produces a keto- 
dibasic acid, C13H20O5 (XXII.), whilst the action of sodium 
hydroxide solution yields an unsaturated keto-acid, O14H20O3 
(XXIII.), presumably by ring closure at the carbon atoms 
marked 3 and 9 . Sodium hypobromite converts this substance 
into an unsaturated dibasic acid, Ci3H4804 (XXIV.), and finally 
ozonization yields a keto-dibasic acid, CxgHigOg (XXV.). ^ These 
changes may be explained in two ways : by representing the 
diketo-acid as a derivative of caryophyllene containing either a 
six-membered ring or a seven-membered ring in the molecule. ^ 

^ Ruzicka and Wind, Helv, Ohim. Acta, 1931, 14, 41G ; Rnzicka, Zimmer- 
mann, and Huber, 1936, 19, 343. 

2 Rydon, Ghem. and Ind,^ 1938, 123. 
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QH3 


JO'CHs 




(XXI) 


CH 

os;rf- 

HaC 




/Clffa 


'CH3 

— oil '^OOOH ® 

0*^1 I NaOHl 

H„C — CH jOOOH 

OO.OH 3 

CHgOG-iHa ClT^^O-CHg 

CHsI 9' - ^ 


/NaOBr 

NaOH I 


OH" / 

V.8 Vh, 


1 

>0H 


OH, 


00-CHs 
9 10 


,Jp.CH3 


(XXII) 


H,C CaH^ 5 cH2 




(XXIII) 






Is 

-CH- 


s'-OHs 

®| 10 

~OH-CH*OOOH 

7^8 


7C00H 

NaOBr 

COOH 

ciM I j 

HjC— OH^^d 
^OOH 


NaOBr 




^-C-CHa 
)H2 


CH3 

CH, 


^OOH 


^C- 


OH, 


(XXIV) H„C — OH CH-OH„-GOOH 


CH3 

0 %\ 

H,C- 


^COOH 
-CH qo-CHs 


'”V 


r 

Xitla 


0^3 

cfiT]' 

(XXV) ai- 


^COOH 

-CH CO'CHs 

! I . 

-0 H OH • 0H„‘ COOH 


COOH 


Further evidence supports the proposal that at least one isomer 
of the caryophyllene mixture has a seven-membered ring struc- 
ture. Technical caryophyllene was given a preliminary purifica- 
tion and catalytically reduced to dihydrocaryopliyllene (XXVI.). 
Oxidation of this compound yielded an acid, CigHgeOg (XXVII.), 
which by the action of sodium hypobromite was converted into 
a dibasic acid, Ci4H2404 (XXVIIL). The thorium salt of this 
acid was heated under reduced pressure to convert it into the 
ketone, C43H220 (XXIX,). The oxymethylene derivative of 
the ketone was ozonized, yielding the dicarboxylic acid, CX3H22O4 
(XXX,). The thorium salt of this acid yielded a small quantity 
of the ketone, CigHgoO (XXXI.).^ These steps are shown below 
for both a six-membered and a seven-membered ring caryo- 
phyllene : 


^ Buzicka et aZ., Helv, Ghini. Acta, 1939, 22, 716. 




CJ5H2603 

(XXVII) 


,COOH 


NaOBr 


'COOH 


(XXVIII) 


.COOH 

Y 

CH^CHa 

CH3 


^ 13 ^ 22 ^ 

(XXIX) 


■COOH 


COOH 


rxxxTV 
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Inspection of these formula show that the dicarboxylic acidr 
C13H22O4 (XXX.) derived from a six-membered ring caryo- 
phyllene is a glntaric acid derivative, whilst a seven-membered 
ring caryophyllene produces a substituted adipic acid. Glutaric 
acid and its derivatives cannot be cycKzed to ketones through 
their salts. On the other hand adipic acids give moderate 
yields of the cyclic derivatives. From these results, therefore 
it is probable that one constituent at least of the caryo- 
phyllene mixture should be formulated as a seven-membered 
ring compound. 


5 , The Structure of ^-Caryophyllene 

From consideration of the foregoing experimental facts and 
an inspection of the diagrams of the degradation products of 
caryophyllene it is clear that more evidence must be obtained 
before “ finis ” can be written to the constitutional history of 
the caryophyllenes. To sum up, two structures for [ 3 -caryo- 
phyllene, the principal constituent of the caryophyllene mixture, 
have been put forward. Each structure accounts satisfactorily 
for the formation of some of the derivatives obtained. The 
two formulae are (XXXII.) and (XXXIII.).* 


CHa 
CHa I 

H2C- 


~CH C- 

I II 

>CH .CH 

^CH 
I 

CH2 


-CHs 


(XXXII) ^0 


OH3 

^ CH C- 

^z\ I II 

HoC — CH CH 
' \ / 
CH-CH2 

J 

(XXXIII)%<|^^H3 


'OHs 


Formula (XXXII.) explains the formation of the keto-acid, 
and of the diketo-acid, Ci4H2204,- Difficulties are, 
however, met when attempts are made to account for the iso- 
merization of caryophyllene to clovene. Similarly the ketone, 
CigHigO and the diketone, G13H22O2 obtained by ozonolysis 
cannot be satisfactorily derived fron this structure. 

* See section on Azulenes. 

^ Bnzicka, Ckem. and Ind., 1935, 54?, 509 ; Ruzicka, Zimmermann, and 
Huber, loc, ciL 

* Rydon, Chem, and Ind,, 1938, 57, 123. 
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Formula (XXXIIL) containing a seven-membered ring 
accounts for tbe diketo-acid, C14H22O4. It also permits a ready 
explanation to be made of tbe transformation into clovene, 
Cloveiie on tbis basis becomes (XXXIV.). 



Tbe keto-acid, C44H13O3 and its derivatives, however, do not 
fall into place in tbis scheme. The difficulties encountered in 
^tbe investigations of tbe caryopbyllenes require no emphasis 
here ; magnificent work has been done and many difficulties 
overcome. The research work now being pursued on the 
numerous outstanding constitutional problems will no doubt be 
carried to a successful conclusion. 


CHAPTER VI 



THE BITERPENE GROUP OF COMPOUNDS 


A. — Intbobuctoby 

A BITEBPENE compound with, twenty carbon atoms in its mole- 
cular framework may be regarded as built up of four isopentane 
fragments, 


from which a number of different molecular forms may arise 
Some of these forms are known amongst natural products. For 
instance, the bixin molecule has an open chain structure com 
taining this grouping, and the accepted structure for phytol, 
which forms part of the chlorophyll molecule is 


OH3—CH—CH0— CHa— OHa—OH—OHa— OHa-OHj-BH— CHs—CHg— CH2-~0==OH.OH8.0H 

Where cyclization of part of the chain has taken place the 
vitamin A skeleton results, 


Complete cyclization may lead to compounds of the anthra- 
cene and phenanthrene types. A vitamin A type of compound 
could on further ring formation pass into the forms 

174 
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CH3 OH3 'f 


0 c 

CH3 CH3 j I 




Cv-'' A /9-v 'yC 

•• <= i > i “ ' 

c 




On tte other hand, when the isopropyl group appears as a side 
chain, the structures for anthracene derivatives could be 


QH3/GH3 

OH c C 

OH3 A A >J0\ 

I ! i I CH3 I i i I 

c &. c 


and for phenanthrene formations 


OH3/CH3Y X 
XH C (3 

A A J 

0 v. '‘C — 0 




oA 


' ” A A J-0 

J 2 H-C' 'o'^ 

CHs I ! i 


There is a further theoretical possibility that the diterpene 
structure could be formed by the dimerisation of two mono- 
terpene residues giving rise to open-chain and cyclic forms. For 
example, myrcene has the struetmre 


(CH 3 ) 2 C=CH.(CH 3 ) 2 .C 


CH=CH, 
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4 - irr, «nr>i residues could oyclize to anthracene and phengji- 
J with those foot tout isopentane 

■units joined head to tail. 


c 


1 til 

0-%-V 

1 1 1 

1 1 I 1 

C. c 

A 

1 i 1 

1 

c 


And finally, the isoprene groups may have an irregular arrange- 
ment in the molecular structure as appears to be the case m 
abietic and pimaric acids. 

B. — ^The Camehobenes 

When oil of camphor is distilled under reduced pressure, the 
fraction which comes over at 180°-190° C. under 11 mm. pressure 
is separable into two hydrocarbons ^ having the inolecular 
weight corresponding to C 20 H 32 . One o t ese su s 
a-camphoren^is distinguished by the fact that it yields a tetra- 
hydrochloride, C 20 H 36 CI 4 , when it is treated with hydrogen 

The hydrocarbon regenerated from this tetrahytochloride 
had a molecular refraction of 90-6, which is very close to the 
value (90-49) calculated for a molecule containmg four ethylenic 
linkages. This is confirmed by the fact that on catalytic re- 
duction 2 the hydrocarbon takes up eight hydrogen atoms and 

forms an octaliydride, C 2 oH 4 o* I 

Of especial interest is the fact that a-camphorene has been 

detected among the dimyrcenes which are formed 

is heated for several hours in a sealed tube at 250 26<) 0. 
This reaction not only indicates a genetic relatiomhip between 
myrcene and a-camphorene but also represents a direct synthesis 
of the higher terpene from the lower one. This myrcene di- 

1 Semmler and Bosenberg, Ber., 1913, 46, 771. 

2 gemmier and Jonas, Be?'., 1914, 47, 2077. 

s Ibid., 1913, 46, 1566. 
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merization is formulated by Euzicka and Stoll ^ in tbe following 
way : — 



Two molecules of Myrcene. 


CHo GHo 
\3^ 3 

/CH /CH2 CH 2 
CHg CHa ^GH, 

I I 


CHa ^CH ,CH xCH 

9 


CH, 


2 CH3 CHs 
a-Camphorene. 


Ruzicka and Stoll found that boiling witk 95 per cent, formic 
acid converts cc-campborene into a bicyclic diterpene, whilst 
further treatment results in the formation of a tricyclic diterpene. 
These two ring-closures are paralleled by analogous cyclizations 
in the olefinic terpene group.*^ 

If the cyclization occurs with the two side-chains in the 
^positions shown in the formulae, the ring-closure should produce 
an anthracene derivative having the structure shown in (A). 
On the other hand, if one of the side-chains swings round through 
180° about an axis passing through the 1 : 4-positions of the 
central ring in the oc-camphorene formula, subsequent cyclization 
should yield a phenanthrene derivative with the structure shown 
m(B)/ 



^ Ruzicka and Stoll, Helv, Chim. Acta^ 1924, 7, 271. 

* In this connection it may be mentioned that a-camphorene can be ob-^ 
tained from linalool by heating the terpene alcohol in a sealed tube with 
anhydrous oxalic acid. 

VOL. II. ,, ; . ' 
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Now when the tricyclic hydrocarbon is oxidized with sul- 
phuric acid and manganese dioxide, pyromellitio acid is one of 
the degradation products : — 


HOOG 


HOO' 


COOH 



PyromelHtic acid. 

This acid could obviously be produced from the central 
portion (II.) of Formula (A); whereas a compound of the 
structure shown in Formula (B) might yield pyrogallic acid from 
ring (L) or prehnitic acid from ring (II.) or ring (III.,) but no 
pyromellitic acid could be obtained from it. 

The tricyclic hydrocarbon must therefore have the structure 
(A) ; and from this it follows that oc-camphorene is represented by 
the formula given above. Further evidence in favour of this 
formula is found when a-camphorene is reduced to the octahydro- 
derivative, C20H40, and this derivative is oxidized with man- 
ganese dioxide and sulphuric acid. Some terephthalic acid is 
thus obtained, which obviously results from conversion of the 
central ring of a-camphorene into a benzene nucleus and a 
subsequent oxidation of the two para side-chains to carboxyls. 

Less is known about the second constituent of the high- 
boiling fraction of camphor oil. When the oil is treated with 
hydrogen chloride to produce the tetrahydrochloride of a- 
camphorene, an oily residue remains which, on boiling with 
alcoholic potash, yields p-camphorene. Its molecular refraction 
is 88 - 61 , which suggests that it may be bicyclic in structure, 

C.— -Abietic Acm 
1. General 

The crude oleoresin obtained from trees of the species Pmws 
is a mixture of essential oils and acidic resins. The essential 
oils may be removed by steam, distillation. The solid residue 
known as colophony or rosin on further treatment either by 
distillation or extraction by solvents yields abietic acids as the 
principal products. Abietic acid is not a primary constituent of 
the parent oleoresin, but is regarded as an isomerization product 
of the original unstable heat- and acid-sensitive oleoresin acids. 
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^ 2. The Molecular Frameivork of Abietic Add 

Abietic acid has the molecular formula, C2oH3o02- 
contains a carboxyl group, and on dehydrogenation with sulphur 
or selenium is converted into retene (l-methyl-T-isopropyl- 
phenaiithrene) (L)A This establishes the structure of the major 
portion of the abietic acid molecule. During the fusion with 
sulphur or selenium two carbon atoms are eliminated from the 
molecule, and it is inferred that in addition to the carboxyl 
group an angle methyl group is present in the acid. It is not 
to be concluded, however, that the carboxyl group also occupies 
an angle position. The conditions of fusion are severe and car- 
boxyl may be eliminated from any position in the ring system. 
There are four angle positions in the abietic framework, namely, 
at carbon atoms numbered 11, 12, 13, and 14 (see 11. below). 

3. The Ethylenic Linkages of Abietic Acid 

Abietic acid may be reduced by steps to give first dihydro- 
abietic acid and then tetrahydroabietic acid.^ Similarly by 
steps of mild oxidation dihydroxy- and tetrahydroxyabietic acids 
may be isolated. ® Abietic acid, therefore, contains two ethylenic 
bonds. When abietic acid is oxidized isobutyric acid (III.) is 
one of the products. This points to position 6~7 or 7-8 of ring III 
for one of the bonds. 

C 

Q 2 Vn 9Y 



^CHs 

CH 

\H3 


^ III 


(ID 


HO 


-OH 

(f "bHa 
(III) 


^ Vesterberg, Ber., 1903, 36, 4200 ; Ruzicka and Waidmann, Helv. Chim, 
Acta, 1933, 16, 842. 

2 Kuzicka and Meyer, iJefe. ^c^a, 1922, 5, 315. 

® Levy, Ber., 1909, 42, 4305 ; 1926, 59, 1302 ; 1928, 61, 616 ; Ruzicka and 
Meyer, Helv, Chim. Acta, 1932, 6, 1097. 


iBo RECENT ADVANCES IN ORGANIC CHEMISTRY 


It was considered that the double carbon bonds were conjugated, 
as methyl abietate yields an additive compound (IV.) with 
maleic anhydride, which could be oxidized by ozone to a keto- 
acid, C 25 H 34 O 3 , with the possible structure (V.).^ These re- 
actions could be explained by placing the double bonds at 
positions 6-7 and 8-9. 



The evidence of spectroscopic and refractivity measurements on 
abietic acid and the ethyl ester, however, could not be reconciled 
with such a system of unsaturation. 

By comparison with Z-pimaric acid (see p. 1 89) it is thought 
that the double bonds of abietic acid may be in the positions 7-8 
and 14-9, and certain chemical evidence points in this direction. 
When tetrahydroxyabietic acid (C) was treated with lead 
tetracetate an indefinite substance (D) (CgoHgQOg or C 20 H 2 SO 5 ) 
was produced, which with sodium hypobromite yielded a 
tetracarboxylic acid, CigHggOg (E).“ These changes may 
be formulated in the two ways shown below. Two pos- 
sible structures for abietic acid (A and B) are included for 
reference, 

i Ruzicka, Ankersmit, and Frank, Eelv. Ghim, Acta, 1932, 15, 1289 ; 
Ruzioka et al., ibid., 1933, 16, 169. 

® Ruzieka et al., Hdv. Ghim. Acta, 1938, 21, 565. 
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This interpretation of the results points clearly to one of the 
bonds being between carbon atoms 9 and li, but does not enable 
us to make choice between the positions 6~7 and 7“8 for the 
other bond. This choice has been made on the following 
evidence. 

An oxido-dihydroxyabietic acid (F), which is known to have 
its hydroxyl groups in ring III., on treatment with boiling 
toluene yields an inner dimeric ester (G). In this ester the 
carboxyl group of one abietic acid residue is esterified by the 
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hvdroxvl group of another. Oxidation of the ester gave rise 
to a diketo-inner ester (H). The formation of a diketo-compound 
with the loss of one carbon atom from each abietic acid residue 
shows that the compound (G) contains- a glycerol grouping m 
each residue, and consequently proves that in tetrahydroxy- 
abietic acid (C) the four hydroxyl groups are attached to adjacent 
carbon atoms. This can only be so if the structure of abietic 



When abietic acid (VI.) is oxidized with potassium per-, 
manganate or ozone to break up the three-ring system, two 
of the products are a dimethylct/cZohexane tricarboxyhc acid, 
0 H Ofi (VII.) and a dicarboxyhcdimethylcj/cZohexane acetic 
aSd.'CiaHigOe (IX.). These two acids yield m-xylene (VIII.) 
and 1:2: 3-trimethylbenzene (X.) respectively on dehydrogena- 
tion with selenium.2 These changes may be represented as 


follows : — 
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Tlie two acids, and C^gH^gOg must be derived from 

ring 1. of tbe abietic acid system. Ring III. is unsaturated and 
would be expected to break up under the conditions of oxidation, 
and Ring II. could not give rise to two metkyl groups by oxida- 
tion. Tke formation of m-xylene and 1 : 2 : 3-trimetliylbenzene 
clearly points to the two methyl groups occupying 1 : 3 positions 
relative to one another in abietic acid. The angle methyl 
group, therefore, must be placed at position 12. 

5. The Position of the Carboxyl Group 

The acid when treated with concentrated sulphuric 

acid at 100-140'^ C. yields two molecular proportions of carbon 
monoxide, and abietic acid itself gives carbon monoxide at 
50-60° C. These decompositions point to carboxyl attached to a 
tertiary carbon atom. ^ A carboxyl group attached to a secondary 
carbon atom is generally much more stable towards sulphuric acid. 

The concluding evidence leaves no doubt that the carboxyl 
group is attached at position 1 in ring I. along with a methyl group. 

When methyl abietate (XIII.) is reduced with sodium and 
alcohol, the alcohol abietinol, CgoHggO (XIV.) is formed, which 
by the action of phosphorus pentachloride or naphthalene-2- 
sulphonic acid yields the compound known as methylabietin,'’ 
C20H30 (XV.). Dehydrogenation of methylabietin ’’ with 
sulphur gives rise to homoretene (XVI.). ^ Homoretene on 
oxidation yields phenanthrene-1 : 7-dicarboxylic acid and has 
been shown by its synthesis to be l-ethyl-7-isopropylphenan- 
threne.^ The obvious explanation of these changes is that the 
carboxyl group of abietic acid is not directly attached to ring I., 
but forms the end of a two-carbon side-chain, R— CHg— COOH, 
which is reduced first to the alcohol abietinol, R — GHg— GHgOH, 
and finally to the hydrocarbon homoretene, R — CHgCHg. 
Oxidation of homoretene would then lead to phenanthrene-1 : 7- 
dicarboxylic acid by degradation of the side-chains. The 
presence of this two-carbon side-chain in abietic acid would, 
however, be an exception to the well-established ‘tisoprene ’’ 
rule, and further, abietic acid can only be esterified with difficulty, 
whereas an acid of the type mentioned above would be expected 
to esterify with comparative ease. An alternative arrangement 
of the carboxyl group in abietic acid must therefore be sought. 

1 Vocke, Ber,, 1932, 407, 247. 2 Haworth, 1932, 2717. 
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Tke carboxyl group is placed at position 1 in ring I. along 
with the methyl group and it is considered that a migration of 
a carbon atom occurs during the dehydration f ^^^tind by 

phosphorus pentachloride. Consequently “ methylabietin ( •) 

may be given the structure shown, and on dehydrogenation 
would yield homoretene. The intramolecular change postulated 
is of the Wagner-Meerwein type, and may be compa,red with the 
change which takes place when isoborneol is dehydrated to 
eamphene or when tertiary butylcarbinol (XI.) is dehydrated 
with the formation of 1 : l-methylethylethylene (XII.)- 

CH3 

CH3 CH3OH L 

X i 

CH3 CH3 

CHj CHa 

(XL) (XII.) 

The steps in the conversion of methylabietate into homoretene 
may be illustrated as follows : — 



3274. 
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If abietinol (XVII.) is oxidized to tlie aldehyde, abietinal 
(XVIII.)? and ttiis is followed by reduction, a new '' methyl- 
abietin ” (XIX.) is formed which on dehydrogenation yields 
retene (XX.).^ In this series of changes there is no dehydration 
involving an intramolecular change and consequently the 
structure of this “ methylabietin ’’ (XIX.) should be as shown 
below. From this compound one of the two tertiary methyl 
groups would disappear in the dehydrogenation to the aromatic 
substance, retene (XX.), 



The structure of abiotic acid may, therefore, be regarded as 
settled (VI.). 


D. — cZ-PiMARic Aom 
1. General 

This unsaturated acid is obtained along with Z-sapietic acid 
from French colophony, and is isomeric with it. It is more 
stable than either sapietic acid or abietic acid. 

2. The Molecular Frameworh 

Dehydrogenation with sulphur converts pimaric acid into 
pimanthrene (1 : 7-dimethylphenanthrene) (I.).^ 

^ Ruzicka aZ., (7A-tw, 1033, 16, 169. 

“ Ruzicka and Balas, Hdv* Ohim. Acta, 1924, 7, 875. 
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^ 20 ^ 30^2 
d- pimahc acid 




H 

C C 


I 


n 


HOl 

JcH 

H ! ™ ii 

HCie^o-CHs 

(I) H 


This proves tlie arrangement of sixteen of the carbon atoms of 
the molecule. 


3 . The Carboxyl Group 

Oxidation of pimaric acid with an excess of potassium per- 
manganate gives rise to two acids, and C;|[ 2^1306 

identical with those obtained from abietic acid by similar treat- 
ment (see p. 182 ).^ These acids can only be derived from ring I. 
of the pimaric acid system and consequently the carboxyl group 
is placed at position 1 in ring I. There is another point of 
resemblance with abietic acid, which further points to the « 
position occupied by the carboxyl group. When ethyl pimarate 
is reduced with sodium and alcohol to the corresponding alcohol, 
^Z-pimarol, C20H32O, and this product is dehydrated by the 
action of phosphorus pentachloride, ‘Vmethyl pimarin ” is 
formed. This product on dehydrogenation yields the hydro- 
carbon homopimanthrene (II.). ^ Homopimanthrene on oxida- 
tion is converted into phenanthrene-1 : 7-dicarboxylic acid 
(III.) 3 . These changes are similar to those undergone by abietic 
acid when treated in the same way, and it may be concluded 
that the carboxyl group of pimaric acid occupies the same 
position as in abietic acid (see p. 183 ). 



1 Ruzicka, Meyer, and Pfeiffer, Helv. CMm. Acia^ 1925, 8, 637. 

2 Ruzicka and Balas, Zoc. Cii. 

® Rnzicka, de Graaff, and Hosking, Hel'v. Chim. Acta, 1931, 14, 233. 
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4. The Methyl Groups 

Tlie formation of 1 : T-dimethylplieiiantlirene on the de- 
hydrogenation of pimaric acid fixes the positions of two methyl 
groups. The production of m-xylene and 1 : 2 : 3-trimethyl- 
benzene from the acids CnHigOg and CigHigOg respectively 
points to a third methyl group occupying the angle position 12 
in the pimaric acid molecule. Eighteen of the twenty carbon 
atoms of the molecule have thus been assigned to their positions 
in the skeleton. 


5. The Vinyl Group 

The two remaining carbon atoms are accounted for as follows. 
Pimaric acid on light ozonization yields some formaldehyde. 
From this it appears that the molecule contains an unsaturated 
side-chain containing a terminal methylene group. The two 
uarbon atoms are most probably in the form of a vinyl group 
-CH=CH2. 

When pimaric acid is partially oxidized with potassium 
permanganate it yields a dihydroxyacid (IV.). This acid on 
further oxidation with chromic acid splits off one carbon atom 
to yield a dicarboxylic acid, C 19 H 28 O 4 (V.). 

When pimaric acid is converted into tetrahydropimaric acid 
(VI.) and then dehydrogenated with selenium, it yields piman- 
threne (VII. ).^ These results can be adequately explained 
by placing the side-chain vinyl group at an angle position. 
Another possible position for the vinyl side-chain is at carbon 
atom 7 along with the methyl group. A tetrahydropimaric 
acid (VIII.) of this structure would be expected to yield some 
l-methyl-7-ethylphenanthrene (IX.) on dehydrogenation. As 
none of the ethyl derivative has been detected in the products of 
reaction, this alternative need not be considered. 

There is no evidence that the vinyl group is attached at 
ring I. This leaves positions 13 and 14. Preference is given to 
position 14, as this arrangement of the carbon atoms in the 
molecule can be divided into isoprene groups, whereas the 
structure with the vinyl group at position 13 cannot be arranged 

^ Ruzicka, de OraajBf, Goldberg and Frank, Hdv. Ghim. Acta^ 193S, 15, 915. 
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in this way. It wiU he noticed, however, that the arrangement 
of the carbon atoms in the suggested structure for pimaric acid 
is not a normal head to tail sequence of isoprene units. The 


arrangements {a) and (6) show the normal head to tail and pimaric 


acid formations respectively. 


C 


(a) C — C — C — C- 


: C 

c 

■ 1 

Ic— c— c— C- 

1 : 
_c— C— C— C-i- 


c — C — 0 — c 


c— c~c~0- 


.C—C. 


c 

1 

G 

I 

c— 0— C- 


0— c— c— c 


ib) 
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6. The Ethylenic Linkages 

Pimaric acid yields both a dihydro- and a tetrahydro-deriva- 
tive, but does not form an addition product with maleic 
anhydride. The acid therefore contains two unconjugated 
double bonds. The vinyl group has been placed at position 14. 
This excludes the positions 9-14, 13-14, and 8-14 for the nuclear 
double bond. The available positions in rings I. and II. are 
considered unlikely to be iinsaturated. The ring double bond 
is unexpectedly resistant to a number of reagents and at present 
no definite position in Eing III. can be assigned to it.^ 

E.— Z-Sapietic Acid (Z-Pimakic Acid) ^ 

Sapietic acid was first isolated from Prench colophony.^ It 
has the same molecular formula, CgoHgoOg, as abietic acid and 
is considered to be one of the primary acids of oleoresins. In 
many properties it is closely related to abietic acid ; ^ dehydro- 
'genation with sulphur converts sapietic acid into retene, and 
hot glacial acetic acid readily isomerizes it to abietic acid. The 
molecular refraction of methyl tetrahydrosapietate agrees with 
the figure calculated for a tricyclic system. These facts establish 
the carbon skeleton (I.) of sapietic acid, and the remaining 
problem is the positions occupied by the double bonds. The 
acid on catalytic hydrogenation yields a dihydro- and a tetra- 
hydro-compoimd. Sapietic acid reacts quantitatively with 
maleic anhydride and with benzoquinone and a-naphthoquinone 
at room temperature.^ Spectroscopic evidence also points to the 
presence of a conjugated system of two double bonds in the 
molecule, and in addition it is considered that the bonds are in 
the same ring.® These facts may be summed up in the structure 
(II.), the double bonds being placed at the positions 7-8 and 
13 - 14.7 

^ Ruzicka, Ankersmit, and Frank, Helv, GMm. Acta, 1932, 15, 1294 ; 
Ruzicka, de Graaff, and Muller, ibid.^ 1300. 

- Hasselstrom and Bogert, J. Amer, Chem. Soc.^ 1935, 57, 2118. 

® Yesterberg, Ber., 1886, 18, 3331. 

^ Ruzicka, Balas and Vilim, Helv, OMm, Acta, 1924, 7, 458. 

® Bacon and Ruzicka, Chem. and Ind., 1936, 55, 546; Wienbaus and 
Sandermann, Ber., 1936, 69, 2202. 

® Kraft, AmiaU^i, 1935, 520, 133. 

^ Ruzicka, Bacon, and Kuiper, Helv. CUm. Acta, 1937, 20, 1542. 
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CHs COOH 


0 H 3 COOH 


(II.) I-Sapietic Acid 


This acid has been isolated in a crystalline condition trom 
kauri and Manila copal resins. It is dibasic and bas the molecxilar 
formula C2oH3o04.^ Various dibasic acids isolated from different 
copals are probably impure specimens of this acid. 

2. The Molecular Framework 

Agathic dicarboxylic acid by the action of either sulphur or 
selenium yields 1:2: 5-trimethyl-naphthalene. If the acid is 
first isomerized by means of formic acid to isoagathic dicarboxylic 


isomerization 


isoagathicdicarboxylio acid 

partial skeleton 

1 angle carbon 
atoms split off 


agatbicdicarboxyiic acid 

partial skeleton 

I- side “Chain 
shortened 


angle carbon 
atoms split off 


^ Rnzicka and Hoskingj A'tvficblBTii 1929, 469, 14 y 
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acid and tlien dehydrogenated the product is pimanthrene (1:7- 
dimethyhphenantlirene).^ The formation of the naphthalene 
derivative in the one case and the phenanthrene compound in 
the other can he explained by assuming that the isomerization 
is due to ring formation by a suitable side-chain of agathic 
dicarboxylic acid as on p. 190. The dicyclic structure of 
agathic dicarboxylic acid is supported by molecular refractivity 
measurements. 


3. The Eihylenic Bonds and the Unsaturated Side-chains 

Agathic dicarboxylic acid on catalytic reduction takes up 
four atoms of hydrogen to yield the saturated tetraliydro-acid. 
It, therefore, contains two ethylenic bonds, and these, unlike the 
double bonds of abietic acid or pimaric acid, show no difference 
in reactivity. By the action of ozone the acid splits off both 
formaldehyde and oxalic acid. The production of formaldehyde 
under these conditions points to the presence of a terminal 

methylene group in the molecule. The presence of 

oxalic acid amongst the products of oxidation indicates that the 
second double bond also occupies a side-chain position with one 


of the carboxyl groups at the end of the chain, \C4=CH— COOH. 


Isoagathic dicarboxylic acid yields on catalytic reduction a 
dihydro-derivative only and consequently contains one double 
bond. The isomerization to the tricyclic compound involves, 
as would be expected, one of the points of unsaturation of agathic 
dicarboxylic acid. 




■ 3 ! 


isomerization 




CH^COOH 


CH. C— CH 3 

(I) 



^ Riizicka and Hosking, Eelv. Ohim. Acta, 1930, 13, 1402 ; 1931, 14, 203, 
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If the unsaturated side-chains of agathic dicarboxylic acid 
V V structure (1.), the formation of form- 

aldehjre and'^alic acid and the isomerization to the dibasic 

SZLirliB or„pL position 1 in the ring system. Wlren 

StS feartoylio .eid is detydrogensted mft selemnm m 

addition to 

another hydrocarbon, C„H„ .s formed ' 
latter substance is not known with certainty, P 

nerties it is thought to contain a naphthalene ring and a thir 
saturated ring. The foUowing structure (HI.) appears to he the 
most appropriate for this compound 



-CHs 


the third ring being formed from the side-chain at position 1 by 
coupfcg up h^p^e agathic dicarboxyhc acid _(IV.) is 

placed at carbon atom 2 in accordance with the evidence of 
detydrogeaatiou. 

One carboxyl group has been provisionaltyplaced^in 
fso-hexenyl side-chain with a double carbon bond adjacent. 
Agathic dicarboxylic acid (IV.) when heated to its melting- 

1 Buzicka and Hosking, loc. ciL 
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psint loses carbon dioxide witb tbe formation of noragatHc acid. 
This behaviour supports the view that one carboxyl group is 
attached to an unsaturated carbon atom. Noragathic acid 
contains (V.) two double bonds as it is converted into the tetra- 
hydro-acid by catalytic reduction. The conversion may be 
formulated as follows : — 


heat 
toM.R 

COOH 
CH3 
Hg 

Agathic dicarboxylic acid. 

(IV.) (V.) 

' Hydrolysis of dimethyl agathate takes place in stages, one 
ester grouping being readily acted upon, the second only with 
difficulty. Parallel with this, methyl noragathate also resists 
hydrolysis. The second carboxyl group of agathic dicarboxylic 
acid is evidently in a position much more sterically guarded than 
that of the side-chain carboxyl. 

Bearing in mind the isoprene rule, there are two possible 
positions in ring I. for the second carboxyl group, at carbon 
atom 6 which carries a methyl group and at the angle carbon 
atom 9. It was possible to make a choice between these two 
alternatives in the following way.^ When isoagathic dicarboxylic 
acid (YI.) was heated one carboxyl group was readily destroyed, 
the product being isonoragathic acid. The methyl ester (VIL) 
of this new acid was reduced by sodium and ethyl alcohol to 
isonoragathenol (VIII.). Dehydration of the alcohol by heating 
with naphthalene-2-sulphonic acid under diminished pressure 
gave a hydrocarbon, C19H30 (IX.), which on dehydrogenation 
with selenium yielded 7-methyl-l-ethylphenanthrene (X.) 
These changes are parallel with the conversion of abietic acid 
into homoretene and of (^-pimaric acid into homopimanthrene 
(see pages 184 and 186) and may be formulated as follows. 

^ Buzicka and Jacobs, Bee. trav. cJiim., 1938, 57, 509. 
von. H. 




CHs OOOH 

1 - I II J 


H2C^8^(!!^1*/C=CH2 
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.C- 


CHj COOH 
HjC ^(p[ 

Hafi. A ,C=CH2 


\ 

H, 


CH. 
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QHa COOH 


CHs COOGHs 


HaC' 




\H2 

1 >.GI 


^OH 

HC C 

'^0-COOH 

HoG. ,0-0% 


<(a) heatj 
(b) esterify 




(X) (ix) (vni) 

From changes so closely similar to those undergone by abmtic 
and d-pimaric acids it may he concluded with reasonable certain y 
that agathic dicarboxyhc acid (IV.) has one of its carboxyl 
groups attaclied at carbon atom 5 of ring I. 

5. The Methyl Groups 

The formation of 1 : 2 : 5 -trimethylnaphthalene from agathic 
dicarboxvlic acid, and of 1 : 7 -dimethylphenanthrene from 
isoagathic dicarboxyhc acid (VI.) permits the placing of one 
methyl group at carbon atom 5 of ring I., and a second group in 
the p-position to the carboxyl group of the side-chain of agathic 

dicarboxyhc acid (IV.). _ , -j.- 

The third methyl group probably occupies the angle position 
at carbon atom 9 (IV.), as it disappears on the dehydrogenation 
of both agathic- and isoagathic-dicarboxyhc acids, and^^ructur- 
ahy this arrangement aUows agathic dicarboxyhc acid to taU 
into line with the other resin acids of known structure. 

G.— Mastoyl Oxide, Manool and Solaheol 

1. General 

Tbese three substances are closely related structurally to one 
another and to agathic dicarboxylic acid.^ 4 

Manoyl oxide and manool have been isolated from the wood 
of the New Zealand pines, Dacrydium Colensoi and D. biforme 

respectively. Sclareol is the principal constituent of essence of 
muscatel sage from Sdma Schrea, which is indigenous to the 
shores of the Mediterranean Sea. 
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2. Manoyl Oxide 

TMs compound has the molecular formula C20H34O. It 
contains one ethylenic bond, as it absorbs one molecule of 
hydrogen only. It does not answer to any of the usual tests 
for the hydroxyl or methoxyl group, and from its inertness it 
is concluded that the oxygen atom is present in the molecule 
in ether formation.^ When treated with ozone, and the ozonide 
decomposed by the action of water, formaldehyde is produced in 
considerable quantity : this indicates the presence of at least one 
terminal methylene group. ^ The action of selenium on manoyl 
oxide produces 1:2: 5 -trimethylnaphthalene (II.) and 1:2: 8-tri- 
methylphenanthrene (III.). The production of the naphthalene 
derivative points to a relationship between the oxide and agathic 
dicarboxylic acid, and demonstrates the presence of a dicyclic 
carbon system in the molecular framework. The simultaneous 
formation of naphthalene and phenanthrene derivatives may be 
explained by giving the oxide the following skeleton structure (I.). 




Jk /C— CH3 

G,^C-CH3 

(I) 




This explanation accounts for eighteen of the twenty carbon 
atoms in the molecule. This structure has to be confirmed and 
the two remaining carbon atoms allocated positions in the 
system. Manoyl oxide can be oxidized by potassium per- 
manganate to a monocarboxylic acid, C19H32O3 (IV.), in which 
the oxide ring is still intact. From the relationship between the 
oxide and agathic dicarboxylic acid, the manoyl oxide acid 
derivative may provisionally be represented as follows :— 


^ Hosking and Brandt, Ber., 1934, 67, [B], 1173. 

2 Hosking and Brandt, Ber., 1935, 68, [B], 37, 286. 
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CHa CHs 

'V' CHa 

H.C OH OHa CH 3 

“1 1 1 / 

H.C 0 0 


''C^ CH 3 CH I COOH 
Ha 


HaC 






(IV.) 

The formatioji of this acid with the loss of a carbon atom shows 
that the methylene group is not directly attached to the ring 
system.’- The action of hydrogen chloride in ether on manoyl 
oxide gives rise to manoene trihydrochloride, C20H35CI3 (V.), 
and diliydronianoyl oxide (VI.) under similar conditions yields 
diliydromanoene diliydrocliloride, C20H36CI2 (Vn.). These 

changes may be formulated in the following way : 



There is no direct evidence that a second methyl group is 
attached at position 1 in the molecule, and that a methyl group 
occupies the angle position 5 . On account, however, of the close 
relationship to agathic dicarboxylic acid these positions have 
been provisionally selected in preference to others in the molecule. 

1 and Brandti New Zealand J. Sei. Tech., 1936, 17, 750, 766. 
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3. Manool 


Having the molecular formula, C 20 H 34 O, manool is isomeric 
with manoyl oxide. It is shown by the Zerevitinov reaction 
to contain one hydroxyl group. As it does not react with ortho- 
phthalic anhydride it is a tertiary alcohol. When manool is 
hydrogenated in the presence of platinum black its yields di- 
hydromanool (VIII.), and with platinum dioxide as the catalyst 
it is converted into tetrahydromanool. Manool, therefore, 
contains two double carbon bonds. The action of hydrogen 
chloride on manool produces manoene trihydrochloride (IX.), 
and when dihydromanool is similarly acted upon it yields di- 
hydromanoene dihydrochloride (X.).^ These last two changes 
establish the close relationship to manoyl oxide and may be 
formulated as shown below. 


CH, CH. 



CH3 CH3 
\/ 


HCi 


CH=CH2 


111 13 

Manool OH 

H, 


j— CH3 

Cl 

CH 3 ] Cl-CH— CH 3 

1 — CH., 



CH3 
Cl CHj— CH, 
— CH, 

Cl 


(VIII.) (X.) 

The position of the hydroxyl group in manool has been confirmed 
in the following way. Tetrahydromanool (XI.) was converted 

* The quantitative estimation of methane liberated by the action of an 

hydroxy compound on methyl magnesium iodide : 

B. OH + CH3. Mg.I == + G. :Mg.I. : , , / 

(Ber., 1907, 40, 2023.) 

^ Hosking and Brandt, Ber,^ 1936, 68 , [B], 1311. 
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into tlie liydrocMoride (XII.)j wMch. by the action of bot aniline 
yielded the unsaturated compound tetrahydromanoene (XIII.). 
This substance when ozonized and then treated with water was 
converted into a ketone, Cj8Hg20 (XIV.) and an acid, 

XV.). These changes are as follows. 



l-CHs 

CHa— CHa 


(XL) 



l-CH, 


CO-OH, 


(XIV.) 



(XII.) 


+ 



(XIII. 


CH, CHa 
\/ 



'^COOH 


(XV.) 

It is evident that the hydroxyl group of manool is attached to 
carbon atom 13 giving rise to a double bond between carbon 
atoms 13 and 14 in compound (XIII.). Ozone attacks this 
molecule at the point of unsaturation and gives rise to the 
ketone (XIV.). The acid may be a product of further oxidation 
or may arise from a hydrocarbon isomeric with (XIII.) and 
having a double bond between carbon atoms 12 and 13. 
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The action of ozone on manool itself is interesting and supports 
the other evidence that a methylene group is situated at carbon 
atom 7. The ozonide of manool decomposes under the influence 
of water to yield a diketone, C17 HggOg (XVL). The action of 
sodium ethoxide followed by alcoholic sodium hydroxide on the 
diketoiie brings about an internal aldol condensation to a tri- 
cyclic keto-alcohol, C17 HggOg (XVIL). The keto-alcobol with 
an excess of methyl magnesium iodide reacts in the normal way 
and then splits off two molecules of water, with the formation 
of the unsaturated hydrocarbon, 018^^28 (XVIII.). This hydro- 
carbon, when hydrogenated and then acted upon by selenium, 
yields 1 : 7-dimethylphenanthrene (XIX. )^. The structural 
changes are — 



These last results are open to no other adequate interpreta- 
tion, and taking into consideration the relationship between 
manool and manoyl oxide the structure of the alcohol may be 
regarded as settled. 

1 Hosking, Ber., 1936, 69, [B], 780. 
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4. Sdareol 


This compound of molecular formula, C 2 OH 30 O 2 is a dihydric 
alcohol.^ The splitting off of formaldehyde on ozonolysis, 
points to the presence of a terminal methylene group. De- 
hydrogenation of sdareol with selenium gives rise to 1:2:5- 
trimethylnaphthalene.^ Sdareol is acted upon by hydrogen 
chloride producing manoene trihydrochloride, and if dihydro- 
sclareol is treated in the same way dihydromanoene dihydro- 
chloride is formed. These properties of sdareol leave no doubt 
about its general molecular structure, and it is looked on as 
being the hydration product (XX.) of manoyl oxide, having 
one hydroxyl group attached at carbon atom 7 and another at 
position 13. The structure of manoyl oxide (XXL) is given for 
comparison. 


CH 3 CH 3 

C /OH 2 
‘GH ^CE2 


I 

H.a 


I 


-CH 3 


cH=ca 
H 2 CH 3 0.^1 

Ha 

(XXI) manoyl oxide 


CH 3 CH 3 


HoC' CH XHz 

I I 

icH3| OH 9H=CH2 


H 2 C H<>C-CH3 
H 2 

(XX) Bclareol 


1 Volmar and Jermstad, Oompt. rend., 1928, 186, 783 ; Janot, ibid,, 1930, 
191, 847; 1931,192, 845. 

“ Euzieka and Janot, Sdv. CMm. Acta, 1931, 645. 
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THE TRITERPENE GROUP OF COMPOUNDS 

A. Introductory 

These compouiids containing thirty carbon atoms in the mole- 
cule have been isolated from numerous resins and saponins, and 
in the case of squalene from fish livers. As with many other 
substances of complex structure the purification of triterpene 
compounds was frequently very difficult, and the determination 
of molecular weights by the ordinary methods uncertain. Further 
uncertainties arose in the investigations, when it was discovered 
that groups, known to be present in the molecule, were inert 
towards some of the usual reagents. Thus ethylenic bonds failed 
respond to catalytic reduction and carbonyl groups remained 
unaffected by sodium bisulphite solution or hydroxylamine. 

With the exceptions of squalene and basseol the better 
known naturally occurring triterpene derivatives have a common 
pentacylic structure. ' It has been established that the five- 
ring system has a reduced picene structure, from the fact that 
picenes of known constitution have been identified amongst 
the products of dehydrogenation of practically all the members 
of this group. 

B, The Squalbnes 

1. General 

The terpenes are so much associated with the vegetable 
kingdom that it is somewhat surprising to encoimter a member 
of the class among the products of animal metabolism ; all the 
more so, since hydrocarbons seem to offer but little hold for the 
reagents which play the main part in the vital processes of the 
vertebrates. And when it is further noted that squalene is 
a triterpene and thus more complex than most of the vegetable 
congeners, it must be admirred that it has exceptional points 
of interest. 
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Squalene was discovered by Tsujimoto,^ wbo ascribed to it 
tbe composition C3OH50 ; and it appears to be identical witb 
spinacene.^ Tlie hydrocarbon occurs in the livers of elasmo- 
brancb fish, chiefly in the Sqmlidae from which its name is 
derived. The determination of its constitution is not entirely 
completed ; but the main lines have been worked out by Heilbron 
and his collaborators. 

If six molecules of isoprene united to form an open chain, 
the resulting compound would obviously have the formula 
C30H48 ; and the original twelve ethylenic linkages would be 
reduced to seven during the process of chain-formation. Satura- 
tion of one of these double bonds by hydrogen would yield a 
compound containing six ethylenic bonds and having the com- 
position C3OH50, which is the same as that of squalene. As a 
first guess, therefore, it is worth while to consider whether 
squalene has a constitution which in any way corresponds to this 
conception. 

2 , The Strmture of Squalene 

I. When squalene is reduced with hydrogen and a nickel 
catalyst, the hydrogenation proceeds through six well-marked 
stages ; and the final product is squalane, GgoIIgg. If the 
reduction is stopped after the hydrogen absorbed is just sufficient 
to saturate five double bonds, the product is not homogeneous ; 
from which it appears that the original squalene may be a 
mixture of isomers. i 

IL When squalene is treated with hydrogen chloride, the 
product on analysis proves to have the composition CgoH^eClg, 
whence it seems clear that squalene contains six ethylenic bonds. 
Examiijation shows that this product is a mixture of three 
separable, crystalline, hexahydrochlorides, which confirms the 
view that the original ‘‘ squalene ” is really a mixture of three 
isomeric hydrocarbons,* 

III. From each of these isomeric hexahydrochlorides, a hydro- 
carbon C30H50 can be regenerated by the same method as is 
employed for this purpose among the ordinary terpenes. 

^ Tsujimoto, J". Chem. Ind. Japan, 1906, 9, 953. 

2 Chapman, 1917, 111, 56 

* An alternative possibility is that the original material is homogeneous, 
but undergoes isomerization in presence of hydrogen chloride or at the tem- 
perature 150® C. which is required for catalytic reduction. 
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IV. Wlieii boiled with, acetic anbydride containing 1 per cent, 
of snlpburie acid, sqiialene passes through a series of isomeric 
changes ; and from refractive index measurements it appears 
that the first product is a bicyclic compound ; then a tricyclic 
isomer is produced; and in the final stage, only two double 
bonds seem to be left in the molecule. Here, again, the re- 
semblance to the terpenes is striking. Further, this power of 
ring-closure is lost when squalene is partially reduced by taking 
up three, four or five molecules of hydrogen per molecule of the 
hydrocarbon. 

V. Dry distillation of squalene yields products which, on 

analysis, were found to have compositions corresponding 
to CgHg, and O15H24. The lowest-boiling of these 

hydrocarbons was proved to be an amylene ; and since on 
oxidation with permanganate it yielded acetone, its structure 
must be : — 

CHgv 

>C-CH-~CH3 

cr/ ® 

The isolation of this substance, having the same skeleton as 
isoprene, tends further to confirm the idea that squalene belongs 
to the terpene class. Even more interesting is the fact that 
among the higher-boiling decomposition products of squalene 
there appears a hydrocarbon with physical constants which 
agree surprisingly with those of the sesquiterpene bisabolene. 

VI. By treating squalene in acetone solution with solid per- 
manganate, two ketones were obtained. One of these was 
identified as dihydro-^'-ionone ; the other was, almost certainly,* 
methyl-heptenone. 

VII. Oxidation with chromyl chloride in carbon disulphide 
yielded formaldehyde, acetaldehyde, and succinic acid. 

VIII. Ozonolysis of squalene in the usual way led to the 
detection of a number of fission products, of which the following 
are the most important : carbon dioxide { 8*5 per cent.), form- 
aldehyde, formic acid, succinic acid (28 per cent.), acetone, 
laevulinic acid, Isevulinic aldehyde, and a complex ozonide, 
CgHi40g, which appears to be derived from methyl-heptenone. 

* As will be seen later, though methyl-heptenone was not completely 
identified here, there is other evidence which leaves no doubt as to the nature 
of this ketonio fission-product. 
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IX. From tFe results just described, it is evident that oxida- 
tion splits up tbe squalene molecule too completely, leavmg 
intact no fragments of a size sufi&cient to act as guides to tbe 
molecular structure. A way round this difficulty is found by 
reducing squalene with hydrogen sufficient to saturate five out 
of the six double bonds ; and then ozonizing the reduced material. 
From what has already been said, it is clear that here the ozone 
is being applied to a mixture of isomeric hydrocarbons. By this 
method, the following substances were obtained among the 
disruption products: methyl-heptenone, hexahydro-i!;-ionone 
a ketone with the formula CigHjgO, another ketone containing 
twenty-three or twenty-four carbon atoms, as well as y-methyl- 
n-valeric acid, CgHig.COOH, and 4 : 8-dimethyl-nonoic acid, 
CioHai-COOH. Finally, an acid was detected oorrespondmg 

to the formula CigHga.COOH.^ _ 

The evidence contained in sections I.-IX. above is not 
sufficient to determine the structures of the squalenes in every 
detail ; but there are facts enough to allow the broad outlines of 
the squalene constitutions to be laid down. 

From I., it is plain that “ squalene ” is a mixture of isomers. 

From II., it follows that “ squalene” is a mixture of three 
isomers, each of which contains in its structure six double bonds. 

From III., it is clear that the squalenes have a strong resem- 
blance to the olefinic terpenes. 

From IV., the closeness of this parallelism becomes even more 

apparent. , 

From V., it seems evident that at least one of the squalene 

isomers must contain the skeleton : 


C C 



C:C.C.O.C:C.O.C.C:C.G 


since this is the open chain corresponding to the grouping of 
atoms in bisabolene. Thus, at a single stroke, the arrangement 
of fifteen out of the thirty carbon atoms in this squalene chain has 
been ascertained ; and by filling in the necessary hydrogen atoms 


’ Heilbron, Kamm, and Owens, J., 1926, 1630 ; Hedbron, Hilditob, and 
Kamm, ibid., 3131 ; Hanrey, Heilbron, and Kamm, ibid., 3136 ; Heilbron, 
Owens, and Simpson, J., 1929, 873 ; Heilbron and Thompson, ibid., 883. 
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aad tacking on the missing complex, the following formula for 
the squalene is obtained : — 


on/ 


CH3 CH3 

C=CH— CHa— CHa— C=CH— CHa— CHa— C=CH— CHg— 
[1] [2] [3] 


This structure is in agreement with the facts mentioned in VI. , 
as very little consideration will show. If the double bond 
marked [1] remains intact while oxidation breaks the bond 
marked [2], then methyl-heptenone ; 


CHgx 

>C=CH— CHo— CH2-CO-CH, 

CH 3 / “ 

will appear as a decomposition product. If both the double 
bonds [ 1 ] and [ 2 ] remain unaffected, whilst the chain is oxidized 
at the ethylenic linkage [3], the result will be the formation of 
dihydro- 4 »-ionone ; 

CH 3 

‘ CH 3 . 

>C=OH— CHo— CH,— C=CH— CHa— CH,— CO— CH3 

CH3/ ' ' ' ' 

With the data summarized in VII., the formula is only in 
partial agreement. Succinic acid would result from oxidative 
rupture of the bonds [ 1 ] and [2] or of the bonds [2] and [3]. But 
the production of formaldehyde and acetaldehyde cannot so 
easily be accounted for, and this point must be reserved for 
later consideration in connection with the remainder of the struc- 
ture which has been treated en bloc in the foregoing formulation. 

The facts mentioned in VIII. can, in part, be brought into 
conformity with the formula. Oxidation at the bond [ 2 ] would 
yield methyl-heptenone; and from this, in turn by further 
oxidation, the production of acetone, Isevulinic aldehyde, Isevulinic 
acid, and succinic acid could be produced. 

Turning now to the final series of facts grouped under 
IX., it is evident that two of the fragments are mutually 
complementary. Hexahydro-^^-ionone, 0 ^ 311260 , and the acid 
CigHgg.COOH between them contain the complete set of thirty 
carbon atoms in squalene ; and it seems clear that these two 
compounds arise through a scission of the molecule at the double 
bond [3]. 

On the basis of the foregoing evidence, Heilbion and his 
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collaborators have suggested the foUowing formula to represent 
the hydrocarbon which gives rise to the decomposition products 

discussed in the foregoing paragraphs : 

[ 2 ] 

[1] CH3 

(CH3)2.C : CH.TOa.C : CH.(CH2)3.C.CH3 

11 m 

CH3.CH : C.(CH2)2.CH : C.(CH3)3.CH : C.CCHg)^.® 


' 

CH3 CH3 CH3 

[6] [5] W 



The top line of this formula contains the portion which has 
been definitely settled by the evidence already submitted. As 
regards the lower line, it is clear that fission at the double bond 
[6] would yield acetaldehyde. And, obviously, if the double 
bonds [6], [5], and [4] are all hydrogenated, fission could take 
place at the bond [3], with the production of CigH33.C00H. 

For the second squalene isomer, Heilbron and his colla- 

borators suggest the following structure 


: GH.CH3.ICH3.C.CH3.CHJ4.CH3.C : CH.CH3 


CHa CH3 (II.) 

This structure would account for the production of marked 
yields of carbon dioxide, formaldehyde, and formic acid during 
the oxidation of squalene with ozone. 

Neither of the foregoing formulae accounts satisfactorily for 
the production of y-methylvaleric acid and 4 : 8-dimethyl- 
nonoic acid. The possibility that these are oxidation products 
of methylheptenone and hexahydrO"4^-ionone must be excluded, 
as the conditions employed in the decomposition of the ozonides 
rule out such a solution completely. Further, along with the 
acid G 10 H 21 .COOH is found the ketone OisHsgO ; and these two 
fragments are obviously complementary, since together they 
contain the whole thirty carbon atoms of the squalene chain. 
Obviously, to produce these fragments, the chain must break 
between the eleventh and twelfth carbon atoms from one end 
of it ; and at this point there must be a double bond. No such 
bond is found in this position in either of the foregoing structures ; 
so that a third formula is needed to account for these facts : 
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CH3 

(CH3)aC : CH.CHg.CH : a[CHJ,.C.H 

II 

CH3.CH : C.[GHJ3.C : CH.ECHJ^.O : CH.[CHJ2.G.CH3 

I I ! 

GH3 GH3 GHg (III) 

If tMs compoBJid were reduced until the only double bond left 
intact was that wHcb is printed vertically on the right-hand side 
of the formula above, then on oxidation this bond would break 
and the fragments of the squalene would be two in number : an 
acid, G^^oHgi.GOOH ( 4 : 8-dimethylnonoic acid), from the 
reduced top section ; and the ketone C10H33O from the section 
indicated in the lower line of the formula. 

Further, if the single unreduced bond in the decahydro- 
squalene lies between the sixth and seventh atoms in the top 
line of the formula, the ozonolysis should yield Y-methyl-^^- 
^ valeric acid, which is again in agreement with the experimental 
results. 

3. A Synthetic Squalene 

A squalene has been synthesized from farnesol in the follow- 
ing way.^ Farnesol was converted into farnesyl bromide by the 
action of phosphorus tribromide. Under the influence of mag- 
nesium, bromine was eliminated from two molecules of the 
bromide with the formation of a squalene. Farnesol, GigHg^O 
has the structure (IV.), and it foflows that the squalene, O30H3Q, 
produced, must be given the formula (V.) shown below. 

GHg GHg 

(CH3)3G : GH.GHg.GHg.G : GH.GH2.GHg.G : GH.CH3OH 

I m 

CHj CHj 

(0H3),C : CH.CH 2 .OH 2 .C : CH.GHa.CHj.C : CH.CHa 

\ m 

{CH3)2.C : CH.CH2.CH2.C : CH.CH2.CH3.C : CH.CHa 

I 1 

CHg CH3 


^ Karrer and Helfenstein, Eelv. Ckim. Acta, 1931, 14, 78. 
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Two liexacMorides of this isomer proved to be identical with 
chlorides prepared from natural squalene. When squalene is 
heated under reflux with formic acid isomerization occurs in 
stages through dicj/cto- and tric^/cfc-isomers to tetracyc^osqualene 
containing two double bonds. This tetracyclic compound is 
of interest as it jdelds, like several diterpene derivatives, and 
the triterpene lupeol, 1:2: b-trimethylnaphthalene on treatment 
with selenium,^ The steps from squalene (VI.) through tetra- 
ca/cfosqualene (VII.) to 1:2: 5-trimethylnaphthalene (VIIL) 
may be formulated as follows : — 



It is evident that the squalene (V.) obtained by synthesis is 
identical with one of the natural squalenes. Inspection of the 
structures suggested by Heilbron and his collaborators for the 
three isomers shows that, on the chemical evidence, structures 
(II.) and (III.) must be retained. It is preferable, however, to 
replace structure (I.) by structure (V.) for the remaining isomer. 

^ Heilbron, Kamm, and Owen, loc. cit . ; Heilbron and Wilkinson, J., 1930, 
2546. 
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C. Lupeol (Lupehol) 

1 . General 

Lupeol lias been isolated from plant species, suob. as Sapo- 
taceae, Rutaceae and Leguminosae, It is an alcoiiol of molecular 
formula C30H50O. It is related to squalene in so far as it 
yields, like tetracjfcfosqualene, 1:2: 5 -trimetliylnaplitliaIene (II.)' 
on dehydrogenation with, selenium. At the same time some 
6-hydroxy-l : 2 : 5 -trimethylnaphthalene (III.) is produced.^ 
Catalytic hydrogenation of lupeol is readily effected and shows 
that there is one ethylene linkage in the molecule. Taking into 
consideration its molecular formula and the degree of unsatu- 
ration lupeol must have a pentacyclic structure. From its 
relationship to symmetrical squalene lupeol was given the pro- 
visional structure (I.), the double bond being placed in an outer 
ring on account of the relative ease of addition of hydrogen. 



2. The StTueture of Lupeol 

In the light of further investigations this structure, however, 
will have to be modified. When lupeol was converted into its 
acetate and then treated with ozone a considerable amount of 
formaldehyde was produced. This points to the presence of an 
exocyclic double bond in the molecule. Inspection of structure 
(I.) shows that the replacement of one of the methyl radicles 
by a methylene group is not feasible as each methyl group is 
attached to a tertiary carbon atom. Consequently in a revised 
formula one of the methyl groups may be replaced by a methylene 

^ Ruzicka and van. Veen, Z, physiol. Okem., 1929, 184, 69 ; Rnzicka, Furter, 
Pieth, and Scheiienberg, JSelv. CUm. Acta, 1937, 20, 1564. 
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group in a new position.^ Lupenyl acetate may be oxidized ^y 
cbromic anhydride to a keto-acetate, O32H52O3, wMch contains 
the original acetate complement of carbon. On hydrolysis the 
keto-alcohoh C30H50O2 is obtained. On reduction with sodium 
and alcohol the keto-acetate yields a saturated dihydric alcohol, 
CgoHsaOa. This same dihydric alcohol is formed when lupenyl 
acetate is treated with hydrogen peroxide and then hydrolysed. 
The net result of the action of hydrogen peroxide and hydrolysis 
is to effect the addition of the elements of one molecule of water 
to lupeoL This is reminiscent of the action of hydrogen peroxide 
on ^-pinene (IV.), converting it into fenchyl alcohol (V.) and 
borneol (VI.) as follows ^ : — 



QH 

H—0" 


CH3 


CHs 

I 

dig j 
CHg 


chI 


(IV) 


intramolecular 
change , 


0^ 

H— O 

363 


CH3 


^0. 


"CHg 
.CHg 


rewrite 

— ^ 

thus 


(VI) 


(V) 


CH, 

H-C'^ ! ^CHs, 
H,C-. -CHj 


'CH 


As tlie action of hydrogen peroxide on lupenyl acetate is 
similar, it is considered that a bridged ring and neighbouring 
double bond are also present in lupeol. The partial formula 
of lupeol is therefore (VII.), that of the dihydric alcohol, (VIII.), 
and that of the keto-alcohol, (IX.). 


CH3 

.. i^CHa I 


(VII) 



I 9 H 2 1 


0*0" 


CH 3 

(liHs 


"CH. 


1 /CHs 


CajH^o-OH 


C„,IU-OH 


(VIII) 


(IX) 


^ Heilbron, Kennedy, and Spring, «/., 1938, 329; Diierden, Heilbron, 
MoMeeking, and Spring, J., 1939, 322. 

2 Henderson and Chisholm, t/., 1924, 125, 107. 
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On tlie other hand the opinion is held that the ethylenic 
linkage forms part of an isopropenyl group; as oxidation of 
Inpeol (X.) with seleninm dioxide yields an nnsaturated 
aldehyde (XI.), which reverts to Inpeol on redaction. The 
aldehyde can be oxidized to an acid (XII.) containing two 
carbon atoms less than Inpeol.^ Other reactions of Inpeol c^n 
be explained on the same basis. ^ The chemical changes men- 
tioned may be represented as follows 


C2,H4,.0H 

C,,H44.0H 


T 

T " ' 

1 ’ 

A 

A 

COGH 

CH 2 CHg 

OH, CHO 


X. (Lupeol). 

XI. 

XII. 


The topic must be left at this interesting stage, as no good purpose 
would be served by attempting to write down a complete structure 
for the lupeol molecule. 

D. Hederagexin AND Oleakolio Acid 
1. General Relationships 

Hederagenin has been isolated from soapnuts, Sapindus^ si>iid 
ivy leaves, and oleanolic acid from the leaves of the olive tree, 
Olea Europaea, Linne, sugar beet and cloves, Hederagenin is 
an unsaturated dihydroxymonobasic acid, CsoH^gO^ (I.), whilst 
oleanolic acid is a similar monohydroxy acid, (IL).® 

On dehydrogenation with selenium or palladium-carbon 
each yields 1 : 8-dimethylpicene (III.), 1:2: 5 : 6-tetramethyI- 
naphthalene (IV.), 6-hydroxy-i : 2 : 5-trimethylnaphthalene (V,), 
1:2; 7-trimethylnaphthalene (VI.), 2 ; 7-dimethylnaphthalene 
(VII.), and 1:2:3: 4-tetramethylbenzene (VIII.).^ Taking 
the molecular formulae, the isoprene rule and their reactions 
into consideration the following structures (I.) and (II.) were 
devised for hederagenin and oleanolic acid. 

^ Ruzioka and Rosenkranz, Eelv, CMm, Acta^ 1940, 23, 1311. 

® Jones and Meakins, J., 1940, 456. 

® Winterstein and Stein, physioL OAem,, 1931, 208, 9 ; 1931, 211, 5 ; 
Ruzicka and Furter, Helv, Chim. Acto, 1932, 15, 472. 

^ Ruzicka, Huyser, Pfeiffer, and Seidel, Anpalen, 1929, 471, 25 ; Ruzicka 
et Helv. Ohim. Acta, 1932, 15, 431 ; Ruzick^ et al.^ ibid., 1934, 17^ 442 
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The breaking of the triterpene molecule through ring G 
accounts satisfactorily for the formation of the derivatives 
according to the above scheme. In the case of 1 : 2 : 6 : 6* 
tetramethylnaphthalene {IV. ) it is considered that dehydration 
accompanied by migration of a methyl group from carbon 
atom 1 to carbon atom 2 takes place before dehydrogenation 
(see structures (I.) and (IV.)). ^ The broad outlines of the 
hederagenin and oleanolic acid molecules are, therefore, estab- 
lished, and the positions of two methyl groups (positions 1 and 
20) and one hydroxyl group (position 2) fixed. The further 
problems are to place the carboxyl group, the remaining methyl 
groups, the ethylenic linkage, and, in the case of hederagenin, 
the second hydroxyl group. 

^ Ruzicka, Schellenberg, and Goldberg, Helv, Chim. Acta, 1937, 20, 791. 
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Inspection of tlie following scteme of transformations shows 
that the relationships between hederagenin, oleanolic ' acid and 
some other triterpene compounds are very close. 

Gypsogemn->01eanolic Acid~>p-Amyrin<-"6iyc}7Trhetic Acid 

I t i , ' , t 

Hederagenin Erythrodiol Basseol ■ 

Thus gypsogenin contains an aldehyde group which can be 
catalytically reduced to a primary alcohol group with the forma- 
tion of hederagenin.^ On the other hand when the aldehyde 
semicarbazone is reduced by sodium ethoxide in alcohol the 
reaction takes the normal course of a Wolff reduction with the 
result that a methyl group is formed giving rise to oleanolic 
acid.^ The sole difference between hederagenin and oleanolic 
acid is, therefore, in the nature of one group in the molecule, 
— CHgOH in hederagenin and — CHg in oleanolic acid. This 
and other group relationships are shown in the following table. 


Name 

Formula 

Gron 

T 

P-Amyrin • , . , . . „ 

^30^50^ 

' 1 . 

GH 3 — 

Erytlirodiol . . . 

^30®^50^2 

CH, 

Oleanolic Acid 

GgoH^sOg 

CH, 

Hederagenin . 

^30^-4804 

CHaOH- 

G^’-psogenin . 

G 30 H 46 O 4 

CHO 

Glycyrrhetio Acid . 

^30^46^4 

CHa 




:IL 

-GH 3 ,, 


>.r.(OH)— CH^OH 

^r.(oh)— cooH" ■: 

COOH 
•R. (OH)— GOGH 

OH \ 

OOOH j- -CB-n 

00 J 


~R' 


/.C 

ii 


The compounds mentioned in the table all have the same 
pentacyclic structure and the groups labelled I. all occupy the 
same position in the structure. Similarly the groups labelled II. 
all occur at another common point. 


2. Further Becomposition Prodmts 

One hydroxy] group of hederagenin is situated at carbon 
atom 2, as one of the products of dehydrogenation is 6-hydioxy- 
1:2: 5-trimethyInaphthaIene (V.). It is concluded that the 

^ Ruzicka and GiacomeUo, Edv* Ghim. Acta, 1937, 20, 299. 

® Rnzicka and GiacomeUo, Edv. CMm. Acta, 1936, 19, 1138. 
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aoid (X.) is oxidized with hypobromite a tribasic acid, 029H440g 
(XII.) results. Under similar treatment the keto-dioarboxylic 
acid loses a carbon atom with the formation of a tribasic 
acid, C2sH420g (XIII.). These results can best be interpreted 
by placing the two hydroxyl groups of hederagenin in positions 
1 : 3 relative to each other. The changes are formulated as 
shown on p. 214. 

Taking into consideration the structures of other terpene deri- 
vatives such as agathic dicarboxylic acid and abietic acid and 
the migration of a methyl group in the formation of 1 : 2 : 5 : 6- 
tetramethylnaphthalene (IV.) by dehydrogenation, the primary 
alcohol group of hederagenin is allocated to carbon atom 1 of 
the molecule. It follows that ring A of oleanolic acid (II.) has 
the structure assigned to it. It has been indicated that the 
product of dehydrogenation 2 : 7-dimethylnaphthalene (VII.) 
is thought to arise from rings D and E of the oleanolic acid or 
hederagenin molecule, pointing to ring 0 as the weak part of the 
molecule and possibly the seat of the double carbon bond. The 



^ Kitasato, Acia Fhytochim., 1936, 9, (1), 43 ; Kitasato and Sone, ibid., 
1932, 6, (2), 305 ; Kitaaato, M., 1933, 7, (1), 1. 
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position of the double bond is important, as Iiederagemn and 
oleanolic acid are considered to be y 8-unsaturated acids. When 
bederagenin (XIV.) is brominated it loses its acid character. A 
neutral compound such as lactone formed from an hydroxyl 
group and the carboxyl group is not produced, as the action of 
methyl magnesium iodide shows that the two hydroxyls of the 
original hederagenin are still in the new neutral molecule (XV.). 
Hederagenin can be regenerated from this neutral compound 
by the action of zinc dust in acetone. 

These changes are formulated as shown on p. 215, assigning a 
bromo^y-lactone structure to the neutral compound (XV.).^ 
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, When oleanolic acid (XVL) is converted into its acetyl 
derivative^ to stabilize the terminal ring carrying the hydroxyl 
group, and then oxidized with potassium permanganate, one of 
the products is an hydroxy-lactone, C 32 H 50 O 5 (XVIL).^ Oxida- 
tion of this compound by chromic acid yields a keto-lactone, 
€ 32^4305 (XVIir.). ' Further oxidation with chromic acid gives 
rise to a iactone-dicarboxylic acid, €32114303 {XIX.), which on 
dehydrogenation breaks down to give 2 : 7 -dimethylnaphthalene 
(XX.).^ One way in which these changes may be illustrated is 
as shown on p. 216. 

As already mentioned the product of dehydrogenation, 
2 : 7-dimethylnaphthalene, is thought to arise from rings D and 
B of oleanolic acid. Its formation from the lactone dicarboxylic 
acid also points to ring C, as the position of the double bond in 
oleanolic acid. In these illustrations the carboxyl group has 
been placed at carbon atom 17, and the four methyl groups at 
the angle carbon atoms 5, 9, 14, and 20 . No direct evidence is 
^available with regard to the exact positions of these methyl 
groups. They are, however, eliminated with one other in the 
conversion of oleanolic acid into 1 : 8 -dimethyIpiceiie. Such 
eliminations are characteristic of compounds containing angle or 
^mgroups. 

Many other products of oxidation of oleanolic acid and 
hederagenin have been prepared, and the bearing of their nature 
on the problem of the fine structure of the txiterpenes studied. 
It may be noted that a structure for oleanolic acid with the 
carboxyl group attached at carbon atom 20 and a methyl group 
at carbon atom 17 gives a reasonable representation of its re- 
actions.^ 

E, The Amyrins (Amyrehols) 

1 . General 

The amyxins may be isolated from the oleoresin Manila 
Eiemi, and have been found in numerous other resins and saps. 
Two compounds, a- and p-amyrin, have been identified. There 

^ Aximiiiler, Schicke, and Wedekind, Annahn, 1935, 517, 211. 

2 Bnzicka and Hofmann, Chim, Acta, 1936, 19, 114; Ivitaaato, Acta 
Phytochem., 1936, 9, (1), 75. 

® Bilham and Kon, t/., 1941, 552. ^ ^ ^ ^ ^ 
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is complete similarity in the behaviour of these two substances 
and they are probably stereo-isomeric.^ The molecular formula 
is C30H5QO. 

2 . Decofnposition Products and Structures 

The oxygen atom is present in the molecule as part of a 
secondary alcohol group, as oxidation leads to the ketone 
amyrenone. The products of dehydrogenation with selenium 
are similar to those obtained from hederagenin and oleanolic 
acid, with the addition of 2-hydroxy-l : 8-dimethyIpicene.'^' 
The position of the hydroxyl group in the pentacyclic system is 
consequently fixed at position 2 (IV.). This is confirmed by the 
conversion of oleanolic acid into p-amjnin.^ Acetyloleanolic 
acid (I.) was converted into the acid chloride, OggH^gOgCl ( 11 .) 
by means of thionyl chloride. The acid chloride was then 
catalytically reduced, using palladium on barium sulphate, to 
the corresponding aldehyde, O32H50O3 (III.). The aldehyde 
semicarbazone was treated with sodium ethoxide in alcohol and 
P-amyrin (lY.) isolated. Taking the structure of acetyl oleanolic 
acid to be (1.) the following scheme represents the changes 



1 Vesterberg, Ber„ 1887, 20, 1242 ; 1890, 23, 3186. 

See page 212. 

2 Buzicka and Scbeilenberg, Edv, OMm, Acta, 1937, 20, 1553. 
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The double carbon bond of tbe amyrins is inert to cataljrtic 
reduction by means of hydrogen and platinum black. The 
existence of the double bond has, however, been demonstrated 
indirectly in the following way.^ When a-amyrin (V.) was 
oxidized with chromic acid it yielded the monoketone, cc- 
amjurenone (VI.), by transformation of the secondary alcohol 
group. Further oxidation produced a diketone, a-amyrenedione, 
(VIL). If the alcoholic hydroxyl group of oc-amyiin 
(a-amyrenol) is protected by conversion into the acetate, and 
then oxidized, a-amyrenonol (VIIL) is obtained, which can be 
further oxidized to a“am3?Tenedione (VII.). The carbonyl group 
of a-amyrenonol is inactive towards the usual ketonic reagents, 
but it shows the typical ultra-violet absorption spectrum of an 
a^-unsaturated ketone. The presence of the ketonic group in 
a-amyrenonol is further confirmed by its reduction by means of 
sodium in amyl alcohol to a dihydric secondary alcohol, which 
splits off water yielding dehydro-a-amyrin (IX.). When the 
^acetate of this dehydro-derivative is treated with perbenzoic 
acid, it gives a monoxide. The parent substance, a-amyrin 
itself, in the form of its acetate is completely inert to perbenzoic 
acid. It follows, therefore, that the dehydro-compound contains 
a new additional double carbon bond which is reactive. The 
absorption spectrum curve of the dehydro-acetate indicates that 
the bonds are conjugated. The identification of a-amyrenonol as 
as ap-unsaturated ketone also confirms the unsaturated nature 
of a-amyrin. The production of the carbonyl group in the 
ap position to the double carbon bond in the conversion of 
a-amyrin acetate into a-amyrenonol acetate necessitates the 
presence of a CHg— group in the same position in 
a-amyrin, and the formation of dehydro-a-amyrin leads to 
the conclusion that a — CH — grouping is adjacent to the 
— CHg— . The scheme of structure, shown on p. 220, will make 
these different points clearer. 

It may be concluded that a-amyrin contains the grouping 

^C==C — CHg — CH — , and this must be situated in a single 
cyclic system. The grouping has been placed in ring 0 with the 

^ Spring and Vickerstaff, J,, 1934, 1859 ; t 6 id., 1937, 249 ; Beynon, Sharpies 
and Spring, tbH,, 19SS, 1233. 

■ -.''V .v:-,."''' 
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double bond between carbon atoms 12 and 13 (V.). In a similiir 
way this grouping has been shown to be present in p-amyrin, 
Until more definite evidence is obtained with regard to the 
positions of all the methyl groups the structure (V.) may be 
adopted. 
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% F. Gypsogemn, Glycyrrhetic Acib, Erythrobiol, 
BETULm Am> Basseol 

1. Gypsogenin 

Gjpsogeniii, C 3 oH 4 g 04 , is closely related to both, hederagenin 
and oleanolic acidG It yields similar naphthalene and picene 
derivatives on dehydrogenation.^ In addition to the secondary 
alcohol and carboxyl groups it contains an aldehyde group. 
When it is oxidized with chromic acid it yields a ketonio acid 
identical with that obtained by the similar oxidation of hedera- 
genin. Gypsogenin may accordingly- be given the. provisional 
structure (I.) shown below, bringing it into line with hederagenin, 
oleanolic acid and the amyrins. 



2 . GlycyTflietic Acid 

Glycyxrhetic acid has the molecular formula, C 30 H 4 QO 4 . 
Amongst the products of dehydrogenation with selenium, 2:7- 
dimethylnaphthalene, 1 : 2 : 7-trimethylnaphthalene and 1 : 8 - 
dimethylpicene have been identified.® Three of the four ox 3 ^gen 
atoms of the acid are accounted for by a carboxyl and a secondary 
alcoholic group. The fourth atom is in a ketonio group, as 
reduction of methylglycyrrhetate in the presence of platinic 
oxide gives rise to methyl deoxyglycyrrhetate. In this reduction 
the alcoholic hydroxyl is unaffected as the new product can be 
converted by the action of acetic anhydride into methyl acetyl- 
deoxyglycyrrhetate. The point of attack in the reduction is the 

^ Buzicka and Giacomeilo, Eelv, Ohim, Acta, 1936, 19, 1136 ; 1937, 20, 299. 

2 Enzicka et al., Annalen, 1929, 471, 25 ; Helv. Chim. Acta, 1932, 45, 1496. 

® Ruzicka et al., Helv. Chim. Acta, 1937, 20, 312 ; Annalen, 1929, 471, 25* 

1 
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carbonyl group wbicb is converted into a methylene group. 
This evidence of the ketonic nature of glycyrrhetic acid is sup- 
ported by its absorption spectrum, which is typ>ical of an ap 
unsaturated ketone.^ The conversion of glycjrrrhetic acid by 
reduction of its carbonyl and carboxyl groups into p-amyxin 
gives conclusive evidence that in its principal features the 
structure of the acid is similar to those of the other hydropicene 
derivatives already considered in this section. In the change 
from glycyrrhetic acid to p-amyrin the acid was converted into 
acetyldeoxyglycyrrhetic acid by the method mentioned above. 
The carboxyl group was then reduced to a methyl group by the 
methods used successfully in the conversion of oleanolic acid 
into (B-amyrin.*^ ^ Consequently glycyrrhetic acid may be given 
the provisional structure (II.) shown above. 


3. Erythrodiol 

Erythrodiol contains both a primary and a secondary alcoholic 
group. The point of unsaturation in the molecule is chemically 
inert. When the primary alcohol group is oxidized to carboxyl, 
oleanolic acid results.^ The formula (III.) comparable with 
the provisional structure adopted for oleanolic acid may there- 
fore be written down for erjrthrodioL 



^ Ruzicka and Cohen, Sdv, CMm. Acta, 1937, 20, 804; Bii 2 icka, Leiien- 
berger, and ScHellenberg, 1937, 20, 1271. 

=<= See p. 218. 

- Ruzicka and Marxer, Helv. CMm. Acta, 1939, 22, 195. 

3 Zimmermann, i?ec. Trav, cMm,, 1937, 57, 1200 ; Helv. CMm. Acta, 1938, 
19, 247. 
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4. BetuUn 

Betiilin has the molecular formula, C 30 H 5 QO 2 , and contains 
two alcoholic groups, one primary and the other secondary.^ 
Unlike some of the other compounds of this group, betulin 
readily forms a dihydro-compound by reduction of the double 
carbon bond. When betulin monoacetate is oxidked with 
chromic acid followed by treatment with pyridine and acetic 
anhydride, acetylbetulin aldehyde is formed. The aldehyde 
semicarbazone on reduction yields lupeol^ Dehydrogenation of 
betulin gives rise to a picene derivative, 1:2:5: 6 -tetramethyl- 
naphthalene, 6 -hydroxy-l : 2 : 5-trimethylnaphthalene, 1:2:7- 
tiimethylnaphthalene and 1:2:3: 4-tetramethylbenzene. No 
2 : 7-dimethyhiaphthalene has been isolated from the products 
of dehydrogenation by either selenium or palladium.® In 
ascribing a constitution to betulin, the relationship to lupeol, the 
absence of 2 : 7-dimethylnaphthalene in the products of de- 
hydrogenation, and the nature of the double carbon bond will 
have to be considered carefully. 

5. Basseol 

Basseol has been obtained from shea-nut oil along with 
(3-amyrin and lupeol.^ Its molecular formula is C 30 II 50 O. It is 
a secondary alcohol and contains two double carbon bonds. The 
action of perbenzoic acid shows that the molecule absorbs two 
atomic proportions of oxygen. On the other hand catalytic 
reduction of basseol acetate gives rise to a dihydro-compound 
(VI.) only. Basseol appears, then, to contain one inert double 
bond. Spectroscopic examination of basseol acetate indicates 
that the double bonds are not conjugated. Basseol acetate can 
be readily isomerized by the action of bromine to p-amyrin 
acetate (VIII.).® Dehydrogenation of basseol produces 1 : 2 : 6 - 
trimethylphenaiithrene (VII.). The properties of basseol and 
its derivatives mentioned above can be satisfactorily explained 
by giving it the following structure (IV.) :— 

^ Ruzicka, Briingger, and Gustns, Helv, Chirri. Acta, 1932, 15, 634. 

2 Ruzicka and Brenner, Eelv. CMm. Acta, 19^9, 22, 1523. 

® Riizicka ef al., 471, 25 ; Hdv, Okim, Acta, 1932, 15, 431. 

^ Heiibron, Moffet, and Spring, J., 1934, 1683, 

^ Beynon, Heiibron, and Spring, J,, 1937, 989. 
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In concluding this brief account of the chemistry of the 
triterpenes, it must be emphasized that in the formulae shown, 
the positions allotted to some of the groups are provisional, and 
that further work on these compounds may lead to adjustments 
in the structures. 


CHAPTER VIII 
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VARIOUS GROUPS OP ALKALOIDS 


In tMs chapter no attempt can be made to describe all the 
investigations which have been carried out upon these alkaloids 
during the last few years. Much of the work which has been 
done is of value mainly because it is paving the way towards a 
final solution of sundry constitutions ; but in itself it is of little 
interest, since it is only a linlc in a chain of which we cannot as 
yet see the end. Consequently the inclusion of accounts of it 
here would serve very little purpose. 

A number of fields have been completely cleared up in recent 
times, however, and it seems best to devote most of the space 
^available here to some description of the results attained in 
these particular regions of the subject. A certain scrappiness 
of treatment is maavoidable, since the various all^aioidal groups 
which thus come imder consideration are isolated from each 
other in almost every respect. Nevertheless, even this dis- 
jointedness will serve to depict fairly well the present condition 
of the research which is going on among the alkaloids. 


A.— The Glyoxaline Group 


The parent substance of the glyoxaline group may be ob- 
tained by condensing together glyoxal, ammonia, and form- 
aldehyde : 

.CHQ ' ' NHg ' €H ^N ■ ■ 

I -f + 0 : CH2 — > I ^CH + SHgO 


CHO 


NH, 


CH— NH 


It may also be produced by oxidizing benzimidazole with per- 
manganate and then heating the dicarboxylic acid so formed : 

y\_ 


-N. 


HOOC.C 


H.C 




VOL. n. 




GH 


I / 

HOOC.C— NH 
225 \ 


CH- 


H.C— NH 


./ 


CH 
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An examination of the purine structure will show that- it 
may be regarded as containing a glyoxaline ring condensed 
with a pyrimidine nucleus ; so that the purine derivatives may 
be considered as partly derived from glyoxaline : but it is not 
necessary to lay too much stress upon this relationship since the 
uric acid group is suf&ciently distinct to permit of its being 
regarded as a class by itself. 

1 . The Constitutions of Pilocarpine^ Isopilocarpine, and 
Pilocarpidine 

Pilocarpine occurs in jaborandi leaves in conjunction with 
several related alkaloids: pilocarpidine,^ isopilocarpine, ^ pilo- 
sine,^ tj/^pilocarpine,^ and t{;-jaborine.^ The general structure of 
pilocarpine has been established in the following manner. 

The composition of pilocarpine is C;iiHigN 202 . Although 
it contains two nitrogen atoms it does not yield an amide with 
acetyl chloride ; so it is clear that both nitrogen atoms must 
be tertiary ones. Oxidation ^ with permanganate produces- 
from pilocarpine a mixture of methyl urea, homopilopic acid, 
and pilopic acid. As pilopic acid is derived from homopilopic 
acid by further oxidation, it will be best to examine first the 
constitution of homopilopic acid. 

Homopilopic acid is a lactonic acid, containing one lactone 
ring and one free carboxyl radicle. From the stability of the 
lactonic structure, the substance is evidently a y-lactone. Its 
composition is C8 Hi204. 

When fused with caustic potash, homopilopic acid gives 
a-ethyltricarballylic acid : 


HOOC— CH— CH— CHg— COOH 

I 

OOOH 

^ Harnack, Annalen, 1887, 238, 230. 

2 Petit and Poionowsky, J. Fharm. GUm. (vi.), 1897, 5, 370, 430; 6, 8. 

3 Pyman, P., 1912, 28, 267. 

^ Petit and Polonowsky, Ghem. Zentr., 1897 (i.), 1126. 

* The supposed alkaloid jaborine appears to be a mixture (Jowett, J., 
1900, 77, 474, 851 ; 1901, 79, 581, 1331). 

5 Jowett, J., 1900, 77, 474, 851; 1901, 79, 581, 1331 ; compare Pinner, 
Per., 1900, 38, 1424, 2537 ; 1901, 34, 727 ; 1902, 35, 204, 2443 ; 1905, 48, 1510. 
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This substance must arise from a liydroxy-acid (tbe parent of 
the iactonic homopilopic acid) by the action of the potash ; and 
for this hydroxy-acid three formulae are possible, from which 
we must select the correct one : 

1 

HO . CHg . CH . OH . CHa— COOH 

' I 

COOH 

(I.) 

HOOC . CH . CH . CHa . CHa . OH 

I 

COOH 

(III.) 

• Now pilopic acid appears to be derived from homopilopic 
acid by loss of carbon dioxide and oxidation of the carbon atom 
which carried the destroyed carboxyl radicle. Of all the possible 
y-lactonic formulae derived from the three acids shown above, 
only two can fulfil this condition— 


CA 

1 


1 


1 

CH— 

1 

— -cH.cH2.c00H 

t 

OH 

-OH.CH2.COOH 

1 

1 

CH,^ 

-0— CO 

1 

CO— 0 - 

1 

-CH2 


(A.) 

(B.) 



The corresponding formulae for pilopic acid would therefore be 

C2H5 

O2H5 

CH CH.COOH 

• 1 

1 

CH CH.COOH 

1 I 

CHa— 0— CO 

1 1 

CO— 0 — CHa 

(a.) 

(b.) 


Now, owing to the fact that in (a) there are two carboxyl radicles 
(one in lactone form) attached to the same carbon atom, we 
should expect such a compound to lose carbon dioxide easily 


0,B., 

HOOC . CH . CH . CHa . COOH 

CHgOH 

(ID 
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on heating as malonic acid does. Pilopic acid, however, is 
stable even at 200° C. It seems most probable, therefore, that 
pilopic acid has the formula (b) ; which leads us to the formula 
(B) for homopilopic acid. 

By this reasoning, pilocarpine itself must contain the skeleton 
CoH.— CH — CH— OH.— C 


CO OH. 

\./ ■ 

in addition to a group C3H5N2J which disappears completely 
on oxidation. With regard to the structure of this last complex 
we must look for further evidence. 

When derivatives of glyoxaline are allowed to interact 
with alkyl halides, ammonium compounds are formed which 
break down under the action of caustic potash, yielding primary 
amines. Now when pilocarpine is submitted to this series of 
reactions, it gives rise to equimolecular quantities of methylamine, 
methyl alcohol, and C7H7.NH2, plus two molecular proportions 
of formic acid. This decomposition can be accounted for by 
assuming that its methyl iodide addition product is transformed 
by caustic potash into an ammonium hydroxide of the following 
structure 
OH 


i| >CH + 4 HoO = CHgNHo -f- C7H7NH2 + CH3OH -f 2 HCOOH 
CR—W 

' ■■ 

CH3 

Thus pilocarpine itself may have one of the following 
structures:—'^' 


cm 


■CHg 

I 

H.C— N- 


CyHiiOs.C— N. C.HiiOa.C— N. 

II II >CH 

■ ■ ; h,,€-— ; ■■ ■ : H.C — ■' . : H.C— 3Sr^ 




CH, 


* It is assumed tEat tire union between the glyoxaline group and the rest 
of the molecule is originally through carbon, a wandering of the homopilopic 
group taking place during the decomposition. 
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An examination of tlie dimethyl-glyoxalines by Pyman ^ led 
tor tile conclusion that pilocarpine must be a 1 : b-clerivative of 
glyoxaline. Tbe following formula has therefore been ascribed 
to it : — , 

CgHs-^CH — CH— GH^-C CHg 

I I 

CO CHa CH— N 

Pilocarpine. 

The alkaloid pilocarpidine ^ appears to be the imine corre- 
sponding to pilocarpine, so that its structure can be expressed by 

C2H5— CH— CH— CHa—C NH 

I 

CO CHg CH— N 

\o/ 

• Pilocarpidine. 

It will be observed that the pilopyl group of these compounds 
contains two asymmetric carbon atoms. 

The oxidation of pilocarpine and isopilocarpine gives rise 
to the same products ; which shows that the two substances 
are closely allied in structure. Their chemical properties are 
also very similar ; and the absorption spectra of their nitrates 
are identical.^ Further, pilocarpine and isopilocarpine, when 
treated with alcoholic potash, are both converted into an 
equilibrium mixture containing chiefly isopilocarpine. From 
evidence of this kind, Jowett ^ regards isopilocarpine as a stereo- 
isomer of pilocarpine ; and this view appears to cover all the 
more important reactions of the alkaloids. 

These structures of the alkaloids and their decomposition 
products have been confirmed by syntheses. Pilopic ® and 
homopilopic ^ acids have been prepared in the following way. 
Ethyl ethylsuccinate (IV.) and ethyl formate were condensed 

1 Pyman, 1910, 97, 1814 ; 1922, 121, 2616. 

“ Spath and Kunz, Ber., 1925, 58, [5], 613. 

3 Bobbie, c/. Hartley, P., 1903, 19, 122. 

^ Jowett, J., 1903, 83, 438 ; 1905, 87, 794. 

TscliitscMbabin and Preobrashenski, Per., 1930, 63, [B], 460. 

® Preobrashenski, Foljakova and Preobrashenski, Per., 1935, 68, [B], 850. 
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in tlie presence of alcoholic sodium ethoxide to yield formylethyi- 
succinate (V.), which on reduction by aluminium in moist ether 
was converted into a mixture of isomeric ethyl ethylitamalates 
(VI.). The action of heat split off alcohol from these isomers 
and yielded a mixture of stereoisomeric ethyl pilopates (VII.). 
From this mixture of esters the four compounds, d- and l4so- 
pilopic and cZ- and ?-pilopic acids (VIIL) were isolated. The 
next step, the conversion of pilopic acid into homopilopic acid, 
was accomplished through the acid chloride of cZ-pilopic acid 
(IX.). This compound was acted upon by diazomethane in 
ether with the formation of diazomethyl t?-pilopoyl ketone (X.).^ 
The ketone was then treated with an aqueous mixture of sodium 
hyposulphite and silver oxide and yielded (^-homopilopic acid 
(XI.), identical with the acid from natural sources. 

The final steps — ^production of c?-pilocarpidine and cZ-pilo- 
carpine ^ — ^were accomplished as follows : the acid chloride of 
(Z-homopilopic acid was converted into diazomethyi (Z-homo- 
pilopoyl ketone (XII.). The action of hydrochloric acid 
eliminated nitrogen from the diazo-ketone with the formation 
of chloromethyl d^-homopilopoyl ketone (XIII.), which with 
boiling alcoholic potassium phthalimide yielded phthalimido- 
methyl d-homopilopoyl ketone (XIV.). This compound on 
acid hydrolysis was converted into aminomethyl cZ-homopilopoyl 
ketone hydrochloride (XV.), which when heated with potassium 
thiocyanate yielded, by ring formation, 2-thiol-6-(Z-homo- 
pilopylglyoxaline (2-thiolpilocarpidine) (XVI.). c?-Pilocarpidine 
(XVII.) was obtained from the mercaptan by oxidation with 
ferric chloride, and finally methylation converted <^-pilocarpidine 
into cZ-pilocarpine (XVIII.). The nitrates of these two synthetic 
alkaloids were found to be identical with the nitrates of the 
natural substances. The steps in the syntheses are shown 
structurally on p. 231. 

The alkaloids and their acid degradation products have been 
synthesized by other methods and shown to be identical with the 
compounds from natural sources.^ 

^ Arndt and Eistert, Ber,, 1935, 68, [B], 200. 

2 Preobraskenski, Wompe, Preobrashenski, and Scbtscbnkina, Ber., 1933, 
66, [B], 1541. 

3 Welch, J., 1931, 1370 ; Bey, J., 1937, 1057. 
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G2H5*CH*CH2-COOC2H5 C2H5‘CI-I-CH*COOC2H5 CgHs-CH-CH-COOCaHs 

|, \ H-CQOCgHs^ j IcHO Al^ | CT 2 OH 

COOC 2 H 5 {C 2 % 0 -Na) COOC 2 H 5 COOC 2 H 5 
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Xq/ 
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CH2N2 (XII) 


.SCI 
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CaHs-CH CH'CHa-CO'CHa-N. XeHj 

1 1 

CO CHg 

(XIV) 


CgHs-CH- 


C6H4(C0)2KK CO 


\o/ 

(XIII) 


CH'CHg'CO'CHsCl 
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IHCl 


CgHs-CH CH‘CH 2 ‘C 0 

CO CHg . QHg 
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(XV) 


KSCH 


-CH-CHg-C- 


CO XHs 

(XVl) 


-NH 


CH ^C-SH 


Mg 


CaHs-CH — -CH-CHg-C- 


-N-CHs 


ep CHg 


CH 


(XVIII) 


e 2 H 5 *CT~--®CH 2 -C 
CH 3 I CO CHs XT- 

(XVII) 


T 

CH 


2. Pilosine and Pilosinim 

The constitution of pilosine has been investigated by PjTnan.^ 
He found that on distillation with potash solution it yields 


^ Pyman, P., 1912, 28, 267. 
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benzaldehyde and a substance called pilosinine, wMcb closely 
resembles pilocarpine in physiological action. He ascribed, to 
the two substances the following structures 

CeHg . CHOH . CH — CH— CH^— C CHg 

II j >CH 

CO CHj CH— N 

\o/ 

Pilosine. 

CHa — CH— CHj— C CHg 

^CH 

CO CH, CH— H 

\o/ “ 

Pilosinine. 


3. The Synthesis of Histidine 

By heating together potassium thiocyanate and the hydro- 
chloride of diamido-acetone, amido-methyl-glyoxaline mercap- 
tan is produced ; and when this is added to dilute nitric acid, 
it yields 4-hydroxymethyl-glyoxaline (I.), which forms the raw 
material of the histidine synthesis.^ Oxidation with chromic 
acid converts it into giyoxaline formaldehyde (II.) : 


OH— NH. 

I /OH Oxidation 

HO.CHg.C ~ ' 

“ (I.) 


CH— NH. 

I /OB. 

OHC.C- 

(11.) 


By means of acetic anhydride, the formaldehyde derivative is 
condensed with hippuric acid to form 2-phenyl-4-[l-acetyl-gly- 
oxaline-4-methylidine]-oxazolone (III.) : 


00— NH., 


CH — NH 


\ II 

>CH2+0CH.C- 
HO— Cq/ 


■\, 




OO.CHs 

W i 

I CH-N. 

OH -> C==N. i| /h 

I /=CH.C 

0— co/ 


Hippuric acid. 


(II.) 


(HI.) 


^ Pyman, J., 1916, 109, 186, 


VARIOUS GROUPS OF ALKALOIDS 


233 


When this oxazolone derivative is boiled with very dilute sodium 
carbonate solution, the acetyl group is spHt off and the oxazolone 
ring opens. If, now, the calculated quantity of an acid be 
added, the compound (IV.) results. Eeduction of this produces 
benzoyl-histidine (V.) from which histidine itself is obtained by 
hydrolysis — 

CH3.CO 




CH— N 


(III.) 


0 = 


(IV.) 


0— CO 


CgHg.CO.NHs 


il 

^C=CH.C- 
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CH 


-N 


and acid. 

CH-NH. 
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CH 


HOOC 


CgHgCO.NH 


/C=CH.C- 
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reduction. 

CH-— NH. 


•\ 


(V.) CH— CH,— C- 

1 

Benzoyl Wstidine. COOH 

NH3 

I 

Histidine. CH— CH,— C N 


-N 


hydrolysis. 

CH— 


COOH 


B The Areca Nut Alkaloids 

An examination of the seeds of the betel-nut palm {Areca 
Catechu) by various workers ^ resulted in the discovery of five 
alkaloids : arecaidine (also known as arecaine), arecoline, guvacine, 
guvacoline, and arecolidine. Another substance,^ i^o-guvacine, 

^ Bombelon, Pharm. Ztg.. 1886, 146 ; Jahns, Bar., 1888, 21, 3404 ; 1890, 
23, 2972 ; 1891, 24, 2615 ; Arch. Plmrm., 1891, 229, 669 ; Bmde, Apoth. Ztg., 
1915,30,240; Hess, Her., 1918, 61, 1004. 

® Trier, Z. physiol. Chem., 1913, 85, 391 ; Winterstein and Weinhagen, 
ibid., 1918, 104, 48. 
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lias also been detected ; but its identity is a matter of doubt, 
and suggestions bave been made that it is mainly arecaidine. 

Arecaidine, C^HiiOgN, furnishes a methyl ester, which is- 
found to be identical with the alkaloid arecoline, 

The formulae of the two alkaloids can therefore be written : 

Arecaidine (CgHioN)GOOH Arecoline 
The most obvious way of accounting for the group CgHioN is 
to assume that it represents a methylated tetrahydropyridine 
nucleus ; and if this view were correct, then arecaidine would 
have the following structure : CHg . N : C 5 II 7 . COOH. Obviously 
this leaves still unsettled the positions of the carboxyl group 
and the double bond in the tetrahydropyridine ring. 

These two points were simultaneously cleared up by the 
complete s}mthesis of arecaidine devised by Wohl and Johnson.^ 
By acting on acrolein (I.) with alcohol and hydrogen chloride, 
p-chloropropaldehyde acetal (II.) was produced. Condensa- 
tion of this acetal with methylamine yielded p-methyl-imino- 
dipropaldehyde tetra-ethyl-acetal (III.). The action of strong 
hydrochloric acid on (III.) gave rise to N-methyl-A^-tetrahydro- 
pyridine-3-aldehyde (IV.), Oximation, followed by dehydration 
of the oxime by means of thionyl chloride, resulted in the forma- 
tion of 3-cyano-N-methyl-A ^-tetrahydropyridine hydrochloride 
(V.). On hydrolysis, the acid obtained was found to be identical 
with arecaidine (VI.) ; and esterification of this acid produced 
arecoline, which, therefore, has the formula (VIL). 

The constitution of the second pair of alkaloids, guvacine, 
CgHgOaN, and guvacoline, C 7 Hii 02 N, presented more difficulty 
than might have been expected. This, in the main, was due to 
Jahns, who failed to detect a carboxyl radicle in guvacine ; and 
his results led to the view that there could be no structural 
kinship between guvacine and arecaidine, although the formulse 
differ only by a methylene group — ^which naturally suggests that 
arecaidine might be methyl-guvacine. 

This last view was taken by Trier in 1913, but was not then 
accepted. Five years later, Freudenberg ^ demonstrated that 
guvacine was identical with A^-tetrahydropjridine-S-carboxylic 
acid, which had been synthesized by Wohl and Losanitsch ^ 

^ Wohl and Johnson, Ber., 1907, 40, 4712. 

2 Freudenberg, Ber,, 1918, 51, 976, 1669. 

® Wohl and Losanitsch, Ber„ 1907, 40, 4701. 
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, HCO 

HC(OEt)2 

HC(OEt), (EtO),CH 

I “ j 

j 

CH > 

CH3 

1 

> CH, CH, 

CHa 

1 

CH2CI 

I 1 

CHg— N(CHs)— CH, 

(I.) 

(II.) 

(III.) 

1 

CH 


1 

CH^C— CN 

1 " 1 


CHa CH C.CHO 

1 1 

1 1 

CHg CH, 

\/ 

N— CH3 


1 ! 

CHa— ^(CHg)— CHa 

(IV.) 


H Cl 
(V.) 

I 


COOH 


CH3 

Arecaidine. 

(VI.) 


,/V_c00CH3 


CH3 

Arecoline. 

(VII.) 


in 1907. This substance, on methylation, yields an H-methyl- 
derivative which proved to be identical with arecaidine ; and 
on esterification with methyl alcohol, Wohl and Losanitsch^s 
acid produces a methyl ester identical with guvacoline. 

The formulse for the four substances are therefore those 
which are shown on p. 236. 

The fifth alkaloid, arecolidine, G 3 H 13 O 2 N, is believed ^ to 
be 3 : 4 -dimethyoxy-l-methyl-l : 2 -dihydropyridine ; but the 
evidence available is hardly sufficient to establish this formula 
definitely."'': 


^ Emde, A^oth. Ztg.^ 1915, SO, 240. 

■■ 
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/ 

0 

\ 


HaC C— COOH 

1 1 

H,C C— COOCH. 

1 1 

H,C CH, 

■j 1 

HaC CH3 



Guvacine. 

Guvacoline, 

^0H\ 


F,C C-COOH 

"1 1 

HgC C— COOCHs 

1 1 

HoC CH. 

HaC CH2 

\^/ 


I 

CH3 

1 

CH3 

Arecaidine. 

Arecoline. 


C. — ^RicmiNE 

The difficulties in the way of determining chemical constitu- 
tion have seldom been better illustrated than in the case of 
this alkaloid derived from the castor bean. It has the compara- 
tively simple composition C8H802^2 5 7 ®^ course of a 

chequered career as a subject of investigation, it has been 
associated in one way or another with pyrrol, gloxaline, and 
pyridine ; and one proposed formula even contained divalent 
carbon. 

By heating ricinine with concentrated hydrochloric acid, 
Macquenne and Philippe ^ obtained a compound OgH^OgN. 
Winterstein ^ isolated a base C7Hg02N, by heating ricinine with 
57 • 4 per cent, sulphuric acid to 140 ° C. When ricinine is treated 
with dilute potassium carbonate solution, it yields ricininic 
acid ; and from this, by oxidation with chromic acid and dilute 
sulphuric acid, Bottcher ^ obtained methylamine, oxalic acid, 
and hydrocyanic acid. These three reactions form the keys to 
the ricinine constitution. 

Since the two compounds and C7H9O2N differ from 

each other by CHg, it seemed probable that the second is the 

^ Macquenne and Philippe, Compt, rend., 1904, 138, 506 ; 139, 840. 

- Winterstein and others. Arch, Fharm., 1917, 255, 513. 

® Bottcher, Ber,, 1918, 51, 673. 
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derivative of the first ; and the reactions of the parent 
substance suggested that it was a pyridone derivative, 

Spath and Tschelnitz ^ identified this pyridone by the syn- 
thetic method. By treating the silver salt of 2 : 4-dihydroxy- 
pyridine (I.) with methyl iodide, they obtained the dimethyl 
ether (II.). On further treatment with methyl iodide, this 
yielded a substance which must be either 4-methoxy-l-methyl- 
1 : 2-dihydropyrid-2-one (III) or 2-methoxy-I-methyH :'^4- 
dihydropyrid-4-one (IV.). 


OCH3 



CH^ 


This synthetic substance proved to be identical with the cord- 
pound C7H9O2N derived from ricinine ; and on demethylation it 
yielded a parent substance identical with the ricinine derivative 
OeH^OgN. In this way the main skeleton of the ricinine molecule 
is established, since it must contain either the grouping (III.) 
or (IV.), and these differ only in the position of a methyl radicle. 

At this point Spath was apparently misled by some analogies 
drawn by Bottcher between ricinine and histidine on the strength 
of the Weidel reaction, the ferric chloride colour, and a liberation 
of hydrocyanic acid during an oxidation with chromic and 

1 Spath and Tschelnitz, Monatah., 1921, 42, 251. 
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sulphuric acid wMch he had carried out. Spath therefore sug- 
gested that the remainiug part of the ricinine molecule was a 
glyoxaline ring which might be joined on as shown below ; 


CH- 


-C==N. 


\ 


CO 


CH,— 0 -C N~CH/ 


CH=CH 

Further investigation by Spath and KoUer ^ showed that the 
glyoxaline hypothesis was erroneous. Bottcher had found that 
on treatment with potassium hydroxide, ricinine was converted 
into a so-called ricinio acid. On treating this substance with 
phosphorus oxychloride, Spath and KoUer found that it yielded 
a compound C7H5ON2CI, which corresponds to a replacement of 
one hydroxyl group by a chlorine atom. On reducmg this 
chlorine compound by means of hydrogen and paUadized barium 
sulphate, a substance was obtained which was termed ricinidine, 
having the composition C^HgONg. That this body was a nitrile' 
is shown by its hydrolysis to a carboxylic acid CjH^OgN. 

Now in view of the fact that ricinine must contain either 
of the skeletons : 


OOH, 


CO 


CO 

\/ 

N 


-OCHo 


N 


CH, 


CH, 


it is clear that there are only three possible carboxylic acids 
derivable from it in the manner described. 


CO 


\/ 

N 


HOOC— ' 


\/ 

N 


CO 


-COOH 


CO 

\/ 

N 


(V.) CHgCOOH (VI.) CH3 


CH3 (VII.) 


1 Spath KoUer, Ser., 1923, 56, 880. 
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Spath and Koller syntliesized all three ; and it was found that 
the one corresponding to the structure (VII.) was identical with 
the acid derived from ricinine. 

This fixes the position of the carboxyl group in the acid, 
and hence establishes the position of the corresponding nitrile 
group in licinidine and ricininic acid; so that the reactions 
mentioned above can be formulated as follows : — 


OCHs 

i 

OH 

t 


Cl 

1 

C 

\-CN 

HO CO 

\ 

•KOIi II i 

> 1 1 

. POCis 



A 

HG T*GK 

11 1 

HO 00 

1 


HG ^00 

Y 

1 

CHs 

OHg 


CHs 

Eicinine 

Rioimnic acid 


1 


EC'^^C’COOH 

1 1 

Hydrolysis 

Rednction 

1 1 

HQ .CO . 

Y 


11 1 

HG CO 

j 



! 

GHg 


CHs 


Identical with the 
synthetic acid (¥Ii) 


Riclnidine 


Eicinine has been synthesized by Spath and Koller ^ in the 
following manner. By oxidizing the chloroquinoline (I.) with 
potassium permanganate, the di-carboxylic acid (II.) is obtained. 
This is converted, by treatment with acetic anhydride, into the 
anhydride (III.), from which the amide (IV.) is prepared and 
converted by Hofmann’s reaction into the amine (V.). Treat- 
ment of this amine with nitrous acid produces the hydroxy- 
compound (VI.) from which, by successive treatment with 
phosphorus oxychloride and phosphorus pentachloride, the 
derivatives (VII.) and (VIII.) are made. 

^ Spath and Koller, Ber,, 1923, 56, 2454. 
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.^Tlie acyl cliloride (WII.), with ammonia, gives the amide 
(IX.) ; and this is converted into the nitrile (X.) by means of 
phosphorus oxychloride. This nitrile, when boiled with a solu- 
tion of sodium methylate in methyl alcohol, was changed into 
the dimethoxy-derivative (XL). The final step was the con- 
version of (XI.), into ricinine, which was accomplished by heating 
with methyl iodide in an evacuated tube at 120*^-130° C. 

The constitution of the hydroxy-acid (VI.) was proved by 
reducing it with hydrogen and palladized barium sulphate to 
2-hydroxypyridine-3-carboxylic acid and hence to 2 -hydroxy- 
pyridine. This establishes the positions of the carboxyl and 
hydroxyl radicles, since the 4-position is originally occupied 
by a chlorine atom. From this evidence, there can be no doubt 
as to the constitution of the compound (XI.) ; and since it has 
already been proved by earlier work that the methoxy group of 
ricinine is in the 4-position, the constitution of the alkaloid is 
now beyond dispute. 


D. — The Angostuea Alkaloids 

The two principal alkaloids found in cusparia or angostura 
bark are cusparine, and galipine, C 2 oll 2 i 03 ^- 

More recently, a third alkaloid, gaiipoline, has been obtained. 
A fourth supposed component, galipidine, is now believed to 
be identical with galipine ; and the existence of cusparidine is 
doubtful. 

Troeger ^ and his collaborators observed that on oxidation 
galipine yielded a carboxylic acid. On demethylating this and 
heating the product, carbon dioxide was lost, and a substance 
C 9 H 7 ON was obtained, which on heating with xinc dust yielded 
quinoline. The original carboxylic acid is therefore a derivative 
of a methoxy-quinoline. Further, among the galipine oxidation 
products he believed that he had detected anisic acid and vera- 
tric acid; and on this basis he assumed that galipine must 
contain ( 1 ) a quinoline nucleus with ( 2 ) a methyoxy-group in the 
7-position (to account for his anisic acid) and (3) a veratryl 

^ Troeger and others. Arch. Pharm.t 1914, 252, 459 ; 1920, 258, 250. 

VOL. n. ^ . B 
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complex attached to some point of the quinoline ring (to account 
for his veratric acid). On the basis of this and other evidence, 
he attributed to galipine the structure : 


CHa— CHa- 


y V 


-OCH, 


y\/\ 


CHgO- 


OCH, 


\/\/ 


Spath and Brunner ^ tested this by synthesis in the following 
way. Acetoacetic ester was condensed with m-methoxyaniline 


CH, 


CH,0- 


HO— C 

yXg; V_ 

+ 

\ANHyO-00,H3 


CH 


CH, 


C 




CH 


CHaO-l^l^^C-OH 
N 


+ H^O + CAOH 


and tlie product was converted into 2-cliiorO“7-nietlioxjr-4- 
metliylquinoline ; and thence, by reduction, into 7-niethoxy-4- 
methylquinoline. This last substance was condensed with 
3 : 4-dimethyoxy-benzaldehyde by means of zinc chloride : 


Spath and Brunner, Ber., 1924, 57, 1243. 
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and on reduction the product yielded a substance with a structure 
identical with Troeger’s proposed formula for galipine. Since 
the synthetic material had properties different from natural 
galipine, Troeger’s formula was proved to be incorrect. By a 
somewhat analogous synthesis it was shown that a compound 
•with the structure 


\/^w' 


was not identical with galipine. 

These results suggest that the methosy-group of galipine 
is not situated in the bemsenoid ring at all ; and a further hint 
of this was obtained when it was recalled that the methyl iodide 
addition product of galipine easily changes into a methylgalipine. 
This behaviour is analogous to the change of oc- or y-niethoxy- 
quinolines into N-methylquinolines, which makes it probable 
that the methoxy-radicle of galipine is really in the pyridine 
portion of the structure. 

Following this line of thought, Spath and Eberstaller^ 
sjmthesized galipine in the following manner. Veratryl aldehyde 
was condensed with 4-methoxy-2-methylquinoline by heating 
with ainc chloride. The product was reduced by means of hydro- 
gen and palladized charcoal and was foimd to be identical with 

^ Spath and Eberstalier, jSen, 1924, 57, 1687. 
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natural galipine. The formulse below will make the various 
steps clear. 

OOH, 


/\/\ 


i-CH, + 


OHO—/ 


OCH3 

\-OCH3 


OCH3 

i 

/\/\ 


ZnCL 


OCH. 


-CH=CH- 




./ 


OCH, 


OCH, 


reduction 


/\/\ 


i—CHa— CHa— 


OCH3 

\-OCH, 


Galipine. 

By an exactly similar condensation and reduction, cusparine 
was obtained ^ from 4-methoxy-l-metbylquinoline and pipe- 
ronal ; so that its structure is therefore 
OCH3 


y\/\ 


0 CH» 


-CH,— OH. 


0 


Cusparine. 

As galipine has the composition O20H21O3N, whilst the 
alkaloid galipoline ^ has the formula it appears 

^ Spath and Brunner, Ber., 1924, 57, 1243. 

® Spath and Papaioanou, Monatsch,, 1929, 52, 129. 
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probable that galipine is a metbylated galipoline., TMs idea is 
confirmed by tbe fact tbat^ galipoline, on metbylatioii, yields 
galipine; but as there are three methoxy-gxonps in galipine, 
this reaction does not indicate the position of the unmethylated 
hydroxyl group in the galipoline structure. The matter has now 
been settled by the synthesis of galipoline, on lines analogous to 
those indicated in the case of the other alkaloids ; and it has 
been shown that the hydroxyl group of the galipine quinoline 
nucleus is free in galipoline. This alkaloid is therefore 4-hydroxy- 
2-^-3' : 4'“dimethoxylphenylethylquinoline. 

E. — The Anhalonium ob Cactus Alkaloids 

'No fewer than nine alkaloids have been identified as cactus 
products : 


Hordenine (anhaline) . 


Mezcaline . . . 


Anhalamine . . . 

- CuHisOgN 

Anhalonidine . ... . 


Pellotine. . . ... . 

. C,3H,,03N 

Anhalonine , . . . . 

. C12H15O3N 

Lophophorine . . . . . 

• C13HX7O3N 

Anhalinine . . . . . . 


Anhalidine . . . . . . 



The earlier work on the subject was carried out by Heffter^ 
and it was known that the bases had a close chemical kinship 
with each other. In physiological action, also, they show marked 
« resemblances.^ From the latter standpoint, the most interest- 
ing is mezcaline, derived from so-called Mezcal Buttons (the 
buds of Anhalonium Lewinii), as it has the power of producing 
wonderful colour visions when used as a drug. 

As will be seen immediately, the anhalonium alkaloids not 
only form a group which is interesting in itself, but in addition 
they throw some light upon the relationships between the normal 
cyclic alkaloid type and those open-chain nitrogen derivatives 
which possess physiological action entitling them to membership 
of .the alkaloidal class. / 

i Heffter, Ber., 1894, 27, 2975 ; 1896, 29, 216 ; 1898, SI, 1193 ; 1901, 34, 
3004. 

® Mogilewa, Arch, esspt. Path. Pharrmh, 1903, 49, 137. 
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1. Hordenine 

T1i 6 simplest of tlie anlialordiiiii. alkaloids is liorderiiiie, 
C10H15ON. Originally termed ankaline, this substance was 

later found to be identical 1 with the known compound 
hordenine ^ which is present in sprouted barley, and which has 
been identified as p-hydroxyphenyldimethylethylamine : 

HO—/ ^V-CHa— CHa— N(eH3)2 


Hordenine. 

Since hordenine is the dimethyl derivative of p-hydroxy- 
phenylethylamine, it might be supposed that the latter would 
be used as a starting-point in the hordenine synthesis. Owing, 
however, to the readiness with which hordenine, when formed, 
passes into the tetra-alkyl ammonium salt fonn, it is found, better^ 
to set out from phenylethyl alcohol. This substance is con- 
verted into the corresponding chloride which, when treated with 
dimethylamine, yields the base C6H5.CHa.CH2.N(CH3)2. The 
missing hydroxyl radicle in the paro-position is introduced by 
nitration, reduction, and diazotization in the usual manner. 
Another method consists in the methylation of p-methoxy- 
phenylethylamine followed by the action of hydriodic acid 
which sphts off the methyl radicle of the methoxy -group. 

The interest of the hordenine structure extends far beyond 
the constitution of a single alkaloid. Inspection shows that it 

contains the same skeleton as tyrosine ; 

GOOH 

HO— CsHi— C— C— N HO— CgHi— CHg— CH— NHa 

Hordenine skeleton. Tyrosine. 

and as tyrosine is a common product in the decomposition of 
proteins, it seems evident that natural hordenine has a protein 
origin. Further, the hordenine skeleton is found in various 

^ Spath> 1919,40, 129. 

® L6ger, Gompt^ rend,, 1906, 142, 108 ; 143, 234, 916. 
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alk^loidal structureSj as an examination of the adrenaline formula 
will show at a glance : 


EO~V \_i 


CH(OH)— CHa— NH— CHs 


OH 


Adrenaline. 


A somewhat analogous structure is traceable in papaverine^ 
laudanosine, narcotine, hydrastine, and berberine ; whilst 
narceine contains the chain of phenyldimethylethylamine 
complete. These relationships, taken in conjunction with the 
tyrosine formula, are obviously capable of furnishing food 
for interesting speculations with regard to the genesis of the 
alkaloids. 

With regard to the effect of structure upon physiological 
properties, it is interesting to note that the conversion of the 
alcohol adrenaline into the ketone adrenalone does not destroy 
the physiological activity ; nor is the presence of the methyl 
radicle attached to the nitrogen atom essential. One hydroxyl 
radicle in the benzene nucleus appears to be sufficient. A 
marked influence is exerted by the introduction of a methyl 
radicle in the a- or j3-position ; for compounds containing this 
grouping are much less active than the parent substances. 


2. Mezcalim 

The second anhalonium alkaloid, mezcaline, has been 
synthesized ^ in the following manner, which establishes its 
constitution beyond doubt. Gallic acid is methylated by means 
of methyl sulphate. The trimethoxygaUic acid so formed is 
converted into the acyl chloride by means of phosphorus penta- 
chloride ; and this acyl chloride is then reduced by means of 
hydrogen and palladized barium sulphate with the production 
of trimethoxybenzaldehyde. On treatment with nitromethana 
in the ordinary way, this aldehyde yields the corresponding 
nitrostyrene : (0H3O)3CgH2.CH : OH.NOg. Reduction of this 
compound proceeds in two stages, the oxime being formed first 

^ Spatli, Monctish., 1^1% 40, 129. 
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and then the amine of the structure shown below, which has bgen 
proved to be identical with mezcaline : 

OCH, 


CHsO- 


V 


OCH, 




-CHo— NH, 


Mezcaiine. 


3 . Anhalamine 

Owing to certain, superficial resemblances between mezcaline 
and anhalamine it was at first supposed that they were built 
up on the same skeleton. Anhalamine being a secondary base, 
it seemed possible that it had a formula of this type : 


CHj 

CH3 ' 


CH3O— 

CH3O— NH— CH3 

CHgO-l^^ NH3 

OH 

CH3O 


Anhalamine. 


Mezcaiine. 


wherein one of the carbon atoms of mezcaiine has been trans- 
ferred from the oxygen to nitrogen. This view was disproved in 
the following manner. Both anhalamine and mezcaiine were 
further methylated, an extra methyl radicle being introduced in 
each case. On the foregoing assumption, this operation should 
convert both of them into the same trimethoxy-IT-methyl 
derivative. In practice, however, the methylation led to the pro- 
duction of two different compounds. Further, when the methyl- 
anhalamine thus formed was oxidized, no trace of trimethyl- 
gallic acid, (CH30)3CgH2.C00H, could be detected among the 
oxidation products. This establishes definitely the fact that 
trimethylanhalamine does not contain the simple skeleton 
(0H3O)3CgIl2 — C. It therefore cannot be like mezcaiine to this 
extent. 
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^ The only* other plausible suggestion is that the anhalamine 
secondary nitrogen atom forms part of a reduced pyridine ring : 
in other words, that anhalamine is a tetiahydroisoquinoline 
derivative. But the formation of an isoquinoline ring demands 
an extra carbon atom in addition to the side-chain of mezcaline, 
as can be seen from the formula above. Since mezcaline and 
anhalamine both contain eleven carbon atoms, then, if the 
resemblance between the alkaloids is to be retained at all, this 
extra carbon atom can be obtained only by the demethylation 
of one of the mezcaline methoxy-groups. 

This reasoning leads to the conclusion that anhalamine is a 
tetrahydroisoquinoline with one hydroxyl and two methoxyl 
groups in the benzenoid portion of the molecule. Now when 
mezcaline is treated with formaldehyde, it yields an i^oquinoline 
derivative which must obviously have the structure : 


CH,0- 


CH, 

/\/\ 


CH,0 


iCH, 


V\/ 

I CH, 
CH,0 


INH 


This substance, on treatment with m-nitrobenzoyl chloride, 
yields an N-m-nitrobenzoyl derivative ; and this last compound 
is found to be identical with the corresponding N-m-nitrobenzoyl 
derivative of methylanhalamine. This proves that the oxygen 
atoms in mezcaline and anhalamine are attached to corresponding 
carbon atoms ; so that anhalamine is a pyrogallol derivative like 
mezcaline. 

Which pair of the pyrogallol hydroxyl groups has been 
methylated in anhalamine remained to be settled * and this has 
been done by synthesis,^ 

The compound 5-hydroxy-3 : 4-dimethoxybenzaldehyde (L) 
was benzylated, yielding (II.), whereby the hydroxyl group is 
shielded by the easily removable benzyl radicle. This substance 
was then condensed with nitromethane in the usual way, whereby 
(III.) was formed. On reduction this gave the amine (IV.) 


1 Spath and Roder, Monoisok.t 1922, 43, 93. 
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wMcli was' tlieii' condensed with formaldehyde to give the tetra- 
hydroi^oqninoline derivative (V.). On digestion with hydro- 
chloric acid, the benzyl group was split off, the hydroxyl group 
being regenerated. The product was found to be identical with 
anhalamine. 


,CH:CH.NO« 



OH 
Anhalamine 


C6H5CH2-O 

(V) 


CgHsCHg-O 

(IV) 


4. AnJialonidine and Pellotine 

The sjmthesis of anhalonidine ^ has been achieved ; but 
the method employed left a choice open between two possible 
formulae for the alkaloid. The 6-benzyloxy-3 : 4-dimethoxy- 
phenylethylamine (I.) described above was treated with hydro- 
chloric acid, whereby the benzyl radicle was removed. Acetic 
anhydride converts the product into the 0— N-diacetyl 
derivative (IL). 




j-OH2.CH-.NH3 CHaO- 




..-OHo.CH-.NH.CO.CHa' 


CeH 5 CHa -.6 (L) CH 3 .CO — 0 (IL) 

On heating (IL) with phosphorus pentoxide in toluene solution, 


Spatil, MonaUch,srl92Zj 43, 477. 
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a l^ase was formed wMoli may obviously have either of two con- 
stitutions, as shown in the formulae below : 


OH 3 O 

GH, 0 — I 


./\/\ 


\/ 


CH, 


N 


CH 3 .CO — 0 


C.OH 

I 

CH, 


CH 3 — CO 


CH 3 O 

CH; 

CH 3 CO — 0 


NH 

/Nch, 


ICH» 


CH 3 O— / 
CH, 0 - 


c 




CHo.CO — 0 


CH, 


N 


CH,— C 


CH 3 O- 


CH 3 O 

CH 3 CO — 0 


CH, 


On reducing tlie base with tin and hydrochloric acid, a compound 
is produced which is identical with anhalonidine. Anhalonidine 
must therefore have a structure corresponding to either (A) or (B) 
below. 


CH 3 

CH 3 O— /^^^CHa 

CH 3 

HO— / V/XoHg 

CH 3 O-!. 

CH 

CH 3 O-J .^NH 

HO CH 3 

1 

CHgO CH 3 

(A) 

Anhalonidine. (B) 


Pellotine has been shown to be the N-methyl derivative of 
anhalonidine. By methylating the above-mentioned dihydro- 
i^oquinoline compound before reduction with tin and hydro- 
chloric acid, and then carrying out the reduction as before, it 
is possible to obtain pellotine.^ 


^ Spatii, Momisch,, 1923, 43, 477. 
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The further examination of pellotine permitted a choice to be 
made between the two structures (A) and (B) for anhalonidine. 
When pellotine was transformed by the action of diazoethane 
into the ethyl ether (D) and then oxidized with potassium per- 
manganate the product isolated was 4 : 5-dimethoxy-3-ethoxy- 
phthalic acid (E)A Since pellotine is the N-methyl deriTative 
of anhalonidine it follows that the latter must be given the 
structure (A) and pellotine the corresponding structure (C). 


JHg CHg-CHNa C%Oj 



CHg-O 



.X-CIL 


(C) 

5. Anhalonine and LopJiophorine 
Spath and Gangl ^ synthesized anhalonine by a method quite 
analogous to that described above in the case of anhalamine 
with the exception that instead of hydroxydimethoxybenzalde- 
hyde thev began with the substance which they obtained by the 

./V/CHO 


CH3O- 


0 - 


■\/ 


CH2-0 

ozonization of myristicine. This aldehyde was condensed with 
nitromethane, and the product subjected to reduction, acetyla- 
tion, and dehydration. The result must be a compound having 
either formula (X) or formula (Y). 

CH. 

0— 


CH30- 

0 - 


MH 




CH 


CH2-O CH3 


(X) Anhalonine. 


0 - 


CH30 

(Y) 


1 Spath and Passl, JBer., 1932, 65, [B], 1778. 

° Spath and Gangl, Monatsch., 1923, 44, 103. 


!NH 


CH 


GH, 


VARIOUS GROUPS OF ALKALOIDS 


253 


Npw a compound corresponding to the N-methyl derivative of 
the formula (Y) was synthesized by means of magnesium methyl 
iodide and cotarnine ; and this body proved to be different from 
the N-methyl derivative of anhalomne. The structure of 
anhalonine must therefore correspond to formula (X)' given 
above. 

Lophophorine has been shown by Spath to be identical with 
the N-methyl derivative of anhalonine, so that its structure is 
obviously that which is derived from the anhalonine formula : 


CH, 


GH3O- 

0 - 




-N— CH, 


CH 


CH2-O CHs 

Lophophorine. 


6 , AnMlidine and Anhalinine 

Anhalidine is N-methylanhalamine, as methylatioii of the 
latter with methyl iodide in methyl alcohol followed by treatment 
with sodium carbonate leads to a compound (F) identical with 
natural anhalidine.^ Anhalinine has been shovm by spithesis 
to be 6:7: 8-trimethoxy-l : 2 : 3 : 4-tetrahydroi6*oquinoline (6).^ 






CHo.O— 


CH, 


CH,.0- 




N.CH, 


X/'VcH,/ 


CH, 


OH 


(F) 


CH 3 .O— ' / 

® \^\CH/ 

O.CH3 

(G) 


N.H 


The formulee of the complete series of alkaloids (or methyl 
ethers of known constitution), as well as that of adrenaline, are 
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given, below so as to bring out the resemblances in structure 
between the various members of the group. 

OH 



HO- 


CHj 


CH3O- 

CH3O- 


CHg 

CH. 

i 


Adrenaline. 

CH3 


Hordenine. 

(Aniialine.) 

CHo 


CH3O- 

CH.O- 


.CHa CH3O- 
OH3O- 


■Lb 


iCHj CH3O- 
!NH CH3O- 


CH5O 

Mezcaline. 

CHg 


CH« 


CH 


2 


OH 

Anlialaraiiie. 


CH3O CHg 
Anlialonidine 
methyl ether. 


GH 

I I 

CH3O OHj 

Pellotine 
methyl ether. 




Anhalidine. 


CHa 

OH3.Q. 

i CH3 
0.CH3 

Anhalinine. 


¥. — ^The Phehanthrene Group 

1. The Relations between Morphine, Codeine, avd Thehame 
Tile generar resemblance between morphine; codeine, and 
tbebaine can be seen by the comparison of their compositions : 

Morphine. Codeine. Thebaine. 
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Morpliine contains two hydroxyl groups, one of wMch is phenolic,^ 
w£ile the other is an alcoholic radicle.^ When morphine is 
methylated, codeine is formed, which has no phenolic properties. 
This establishes that codeine is methylmorphine and carries 
its methyl radicle on the phenolic oxygen atom of morphine. 
The third oxygen atom in morphine and codeine is indifferent 
to reagents and is therefore assumed to be ethereal in character.® 
When subjected to ZeiseFs reaction, thebaine loses two methyl 
radicles; so that evidently it contains two methoxyl groups. 
The formulas of the three substances may therefore be written 


as below : — 



HO 

CH3O. 

CH3O. 

X,h,30n 

CH3O 



Hcr 

H(/ 

Morphine. 

Codeine. 

Thebaine. 


wherein the third oxygen atom is assumed to be ethereal in 
character. 


All three alkaloids are tertiary bases and each of them con- 
tains a phenanthrene nucleus, as will be seen later. 


2 . llethylmorphimetJiine ^ 

I. Codeine unites directly with one molecule of methyl 
iodide, forming codeine-methyl-ammonium iodide. When this 
compound is boiled with caustic soda it yields a tertiary base, 
C19H23O3N, which is known as methylmorphimethine. The pro- 
cess is evidently one of exhaustive methylation,^ and the result 
proves that in codeine the nitrogen atom forms part of a ring. 

II. When methyl iodide is allowed to unite with methyl- 
morphimethine, a quaternary ammonium iodide is produced 
which can be converted into the corresponding methylmorphi- 
methine-methyl-ammonium hydroxide in the usual way. On 
heating, this hydroxide decomposes ; and among the products 

^ Mattiiiessen and Wright, Proc. Eoy, Soc,^ 1869, 17, 364. 

- Hesse, 1884, 222, 203. 

^ Vongerichten, 1882, 210, 105. 

4 luiorr, Per., 1889, 22, 182. 
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trimethylamine is foimd. This proves that the nitrogen atom 
in methylmorphimethine-methyl-ammoninm hydroxide is at- 
tached to three methyl radicles. Now since only one methyl 
group was introduced into the molecule in Stage I. and a second 
one in Stage II. it follows that the third methyl radicle must 
have been attached to the original nitrogen atom in codeine. 
Codeine, therefore, contains a nitrogen atom attached by two of 
its valencies to a cyclic grouping, whilst the third valency holds 
a methyl radicle. The course of the various reactions may be 
symbolized as follows, RE being used to represent the remainder 
of the codeine structure : 


R R. R R R R R 


N - 

— ]j;r _ 

N 5. N > N— OH — 

N(CH,), 

/ 

/1\ 

/i\ /\^^"VI\ 

CH3 

CH3CH3I 

CH3CH30H OH3CH3 CH3CH3CH3 


Codeine. 


Methyl- 




morphimethine. 



III. When treated with acetic anhydride,^ methylmorphi- 
methine yields hydroxyethyldimethylamine : 

HO.CH2.CH2..N(OH3)2 


This chain might have been attached to the parent molecule 
either by the intermediation of the oxygen atom or of a carbon 
atom. By actual synthesis of the ether type of compound 
from the decomposition products,^ it was proved that this 
structure was not the one sought ; so that the side-chain is not 
attached to the rest of the codeine molecule by means of the 
oxygen atom. The linkage is therefore one between two carbon 
atoms ; and the oxygen atom of hydroxyethyldimethylamine 
is not part of the original molecule, but is supposed to appear 
as the result of a reaction between water and the primary decom- 
position product : a vinyl derivative.*^ 


^ Knorr, Ber., 1889, 22, 181, 1113 ; 1894, 27, 1X44; Knorr and Smiles, 
am, 1902, 35, 3009. 

2 Ibid., 1905,38,3143. 

The primary product is assumed to be CHg : CH.3Sr(CH3)2 which is then 
supposed to add on a molecule of water at the double bond. 
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JV. Summarizing the information gained in the foregoing 
paragraphs, it is clear that methylmorphimethine may be 
represented by (1) while codeine corresponds to (2). 


CH.Ox 


HO/ 


>(C,,H 30 )-CH,.CH 3 .N(CH 3 ), 


HO- 




r--CH,.CHo 




-N.CH, 


( 1 ). ( 2 ), 

V. The second product obtained when methylmorphi- 
methine is decomposed with acetic anhydride is a methoxy- 
hydroxyphenanthrene which has been shown, by synthesis,^ to 
have the structure : 

y\/\ 


CH,0^ 


OH 


\/ 


3, The Structures of Morphine a7id Codeine 

I. The whole of the seventeen carbon atoms in the morphine 
molecule are now accounted for : since there are fourteen in the 
phenanthrene nucleus ; two in the ring of which nitrogen forms 
a member ; and one in the methyl radicle attached to the nitrogen 
atom. The next step is to determine, if possible, the position 
of the ethereal oxygen atom in the molecule. Proof has been 
given above that this oxygen atom does not serve to connect 
the nitrogen chain with the molecular nucleus ; so it evidently 
must be linked with two carbon atoms of the phenanthrene 
group. Since a ring composed of four carbon and one oxygen 
atom is a fairly stable one, it is concluded that this grouping 
occurs in morphine ; and this view is supported by evidence 
drawn from the effect of the Grignard reagent upon the analo- 
gous oxygen atom in thebaine,^ and the production of the methyl 
ether of morphenol (I.) from codeine through [3-methylmorphi- 
methine. The structure of morphenol was demonstrated by its 
conversion into 3:4: 5-trihydroxyphenanthrene (II.) by fusion 

^ PschoiT and Sumuleanu, Ber., 1900, 33, 1810, 1824 ; Pschorr and Vogtherr, 
Her., 1902, 35, 4412. 

2 Preund, Her., 1903, 38, 3234. 
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with potassium hydroxide/ and by the synthesis of 3:4:5- 
trimethoxyphenanthrene identical with the product obtained by 
methylatins morphenol from natural sources.^ 




H.0'4 4 

X 


0 


OH 


(I.) 


■\/ 


ho! 


(II.) 




Morphine therefore contains the skeleton shown in (L). 


CH3O-- 


2 

9 

3 




II, The position of the remaining hydroxyl radicle has been 
determined in the following way. When codeine is oxidized by 
means of potassium permanganate or chromic acid,® it gives the 
corresponding ketone codeinone, the group — CH(OH) — being 
changed to a carbonyl radicle. On treatment with • acetic 
anhydride,^ codeinone yields 3-methoxy-4,6-dihydroxyphenan- 
threne, which places the hydroxyl group in position 6 as shown 
above in the formula (III.) 

III. It has now been shown that morphine contains a phen- 
anthrene nucleus with six substituents attached to it : two 
places being occupied by the ends of the nitrogen ring, two 
by the hydroxyl groups and two by the ethereal oxygen. On 
counting the hydrogen atoms in this structure, it will be found 

^ Vongerichten and Bittmer, Ber.^ 1906, 39, 1718. 

“ Pschorr et al.^ Annalen, 1912, 391, 40. 

® Ach and ICnorr, Ber,, 1903, 36, 3067. 

^ Knorr, Ber., 1903, 36, 3077. 
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tliat the total is six less thaa the number actually required by 
the formula for morphine. From this it is clear that morphine 
contains a partially reduced nucleus. The position of one of 
the reduced nuclei is indicated by the alcoholic hydroxyl in 
morphine ;;|. eince this must be attached to a hexahydro-iing. 

IV. The only remaining problems are the attachment of the 
nitrogen ring to the nucleus and the position of an ethylenic 
linkage. The known facts indicate clearly that the linl^age of 
the nitrogen atom is to carbon atom 9 of the phenanthrene 
skeleton (11. ). Thus codeine (IV.) can be oxidized by chromic 
acid at a low temperature to hydroxycodeine (V,), which yields 
a diacetyl-derivative. The new hydroxyl group of this com- 
pound is alcoholic and not phenolic in function. Treatment 
of the methiodide of hydroxycodeine in hot aqueous solution 
with sodium hydroxide converts it into ketodihydromethyl- 
morphimethine (VIL), which forms a monoacetyl-derivative. 
The action of acetic anhydride splits off hydroxyethyldimethyl- 
amine, HO . CHg . CH 2 . N : (CH 3 ) 2 , from the methine, converting 
it into methoxydiacetoxyphenanthrene (VIII.). This substance 
on oxidation with chromic and glacial acetic acids yields the 
known 3-methoxy-4-acetoxyphenanthrene-9 : 10-quinone (IX.), 
one acetoxy group being eliminated during the change.^ The 
structures may be formulated as showm on p. 260. 

These changes can be adequately explained by assuming that 
the oxidation of codeine results in 9- or 10-hydroxycodeine. It 
is concluded that the nitrogen atom of ring IV. (see structure IV. 
below) is attached at this same point, as the keto-methine (VII.) 

probably arises from the unsaturated grouping — -CH=C.OH 
(VI.) formed by rupture of the nitrogen ring. The misatiirated 

i k 

grouping goes over to the form — CHg — CO (VII.), and on the 
conversion of the keto-methine into the phenanthrene derivative 
(VIII.) the 9- or 10-oxygen appears again as hydroxyl. Finally, 
oxidation of the phenanthrene derivative to the 9 : 10-qiiinone 
involves the elimination of one acetoxy-group, a further indica- 
tion of the presence of hydroxyl in the 9- or 10-position in the 
phenanthrene compound and consequently in hydroxycodeine. 

1 KnoiT, JBer., 1903, 36, 3068 ; Ivnorr and Schneider, 1906, 39, 1414 ; 
Knorr and Horlein, 1902, 35, 4412; 1906, 39, 3252. 
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These conclusions are supported by further evidence from the 
structure of apomorphine. When morphine is warmed with hydro- 
chloric acid it is converted, by the loss of one molecule of water, 
into apomorphine.^ Although the morphine compounds readily 
undergo intramolecular changes it is generally agreed that the 
nitrogen atom retains its original attachment to the phenanthrene 
skeleton, except in the formation of the methylmorphimethines 
where the nitrogen ring is broken. This being so, if it can be 
proved, in spite of other changes in the molecule, that in apo- 
morphine the nitrogen atom is attached to carbon atom 9, it 
may be concluded that a similar attachment exists in morphine. 
The structure of apomorphine has been demonstrated by two 

^ Vongeriehten, Bfr., 189S, SI, 319S. 
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different methods of synthesis. The final stages of one of these 
may be given. ^ Molecular quantities of 2-nitro-3 : 4-dimeth« 
oxyphenylacetonitrile (X . ) and 1 -hydroxy-2methy Itetrahydro- 
isoquinoline (XL) were condensed in the presence of sodium 
ethoxide. The resulting cyanide (XII.) was hydrolysed to the 
acid and decarboxylated by means of boiling hydrochloric acid. 
The nitro-group was then reduced yielding l-(2'-aminO“3' : 4'- 
dimethoxybenzyl) - 2 - methyl - 1 : 2 : 3 : 4 - tetrahydroisoquinoline 
(XIIL). The dihydrochloride of this compound was treated with 
sodium nitrite and copper powder. The diazotization was accom- 
panied by ring closure to yield dimethoxyapomorphine (XIV.). 
This was isolated as the methiodide and proved to be identical 
with the product from apomorphine (XVL) derived from 
natural morphine (XV.). The structures are as follows : — 



^ AvenariuSj Pschorr and Herz, 1929, 62, [B], 321. 
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Tlie point of attachment of carbon atom 16 to complete the 
nitrogen-containing ring (see structure IV.) has now to be settled. 
This has long proved a puzzle. Earlier views were that the 
nitrogen ring was formed by the join of carbon atom 15 to carbon 
atom 8 or 5. Structures such as these, however, have not proved 
wholly satisfactory and carbon atom 15 is now regarded as being 
attached to carbon atom 13. In a great number of decomposi- 
tions of morphine and its related compounds a true phenanthrene 
and an hydroxy-ethylamine are simultaneously produced, and, 
moreover, this extrusion of the amino side-chain is never observed 
independently of the formation of the phenanthrene derivative. 
Thus, codeinone reacts with acetic anhydride to give 3-methoxy- 
4 : 6-diacetoxy-phenanthrene and hydroxy-ethyl-methylamine. 
Similarly morphine, thebaine and codeine break down with 
various reagents to yield a phenanthrene with the accompani- 
ment of an ethyl-methylamine residue. This process is so 
common in the chemistry of morphine and its allies that its 
cause must be attributed to some general property of the mor- ^ 
phine structure. It may be concluded that the formation of 
an aromatic phenanthrene derivative cannot take place for 
structural reasons unless the ethylamine side-chain is displaced 
in favour of a hydrogen atom or hydroxyl group. Further, if the 
structure given for morphine or codeine (XV. or IV.) is inspected 
it will be seen that the only structural arrangement which could 
prevent aromatic ring formation is that where the side-chain 
is attached to a carbon atom common to two nuclei. Carbon 
atoms 11 and 12 are already part of an aromatic nucleus, so that 
carbon atoms 13 and 14 are the only points fulfilling the condition. 

It will be recollected that angle methyl groups of certain terpene 
derivatives are extruded during the conversion into aromatic 
compounds.*^ Applying these ideas to the morphine-codeine 
structure the nitrogen-containing ring should be completed by 
the join of carbon atom 15 to carbon atom 13 or 14. Of these 
two positions 13 is preferred as it permits an appropriate structure 
to be assigned to thebaine (XXIII.). This structure also explains 
the readiness with which morphine (XV.) undergoes intra- 
molecular rearrangement to yield apomorphine (XVI.). This 
change involves the development of aromatic properties in ring 
III., and the consequent breaking of the bond between carbon 
* See Ohapters V., VI. and VXI, 
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atoms 15 and 13 . In this case carbon atom 15 ■ transfers to 
carbon atom 8 with the formation of a new ling,^ 

That carbon atom 15 of morphine is attached to carbon 
atom 13 rather than to carbon atom 5 receives support from the 
following series of changes. Dihydrocodeinone (XVII.) was 
converted into its oxime (XVIII.). A Beckmann change was 
brought about by the action of thionyl chloride yielding an 
i50-oxime (XIX.). This compound was shown to be a cyano- 
aldehyde. Its methyl ether vras converted into the oxime and 
the action of thionyl chloride yielded a dinitrile (XX.) in which 
the nitrogen ring was still intact. ^ Inspection of the structures 
given below will make it evident that an aldehyde would not 
be produced but a ketone, and the formation of a dinitrile of the 
type described would be impossible, if carbon atom 5 carried the 
ethylamine side-chain. 



The position of the ethylene linkage in the morphine-codeine 
molecule has now to be fixed. Although structures for morphine 
containing bridged arrangements in the carbon ring III. have 
been seriously considered, it is now agreed that the molecule 
contains an ethylene linkage. Codeine can be converted with 

1 Giilland and Hobinsoii, J., 1923, 980 j Mem. arid Proc. Manchester Lit^ 
and Phil Soc,, 1924-25, 69, 79. 

- Scliopf, A7inaRn, 1927, 452, 211, 
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ease into a dihydro-derivative by cataljdjic hydrogenation, and 
the action of a dilute aqueous solution of potassium permanganate 
leads to the addition of two hydroxyl groups.^ This linkage is 
best placed between carbon atoms 7 and 8 of ring III. to make 
clear the various changes which morphine, codeine and their 
derivatives undergo. For example, the conversion of codeine 
into pseudo-codeine (XXI.) can be readily explained on this 
basis. Pseudo-codeine has been showm by its degradation to 
3-methoxy-4 : 8-dihydroxyphenanthrene to have its alcoholic 
hydroxyl group attached to carbon atom 8 of ring III.^ When 
the alcoholic hydroxyl group of codeine is replaced by chlorine 
and the resulting chlorocodeide heated with dilute acetic acid 
pseudo-codeine is obtained, the alcoholic hydroxyl group having 
been moved from carbon atom 6 to carbon atom 8. If the 
grouping 

OH 

I I I 

_c_c==c— 

1 

6 7 8 

is present in codeine the shift is readily understood and would 
take place according to the scheme 

OH OH 

I I I I i 1 

__C_o=C— — ^ _C=C— c— 

I I 

6 7 8 6 7 8 

This rearrangement is analogous to the geraniol-Iinalool type 
of isomeric change.* Similarly the isomerism of the methyl- 
morphimethines is explained ; the a-isomers correspond with 
codeine, having the alcoholic hydroxyl group attached to carbon 
atom 6 and the ethylene linkage between carbon atoms 7 and 
8, the £-isomer corresponds with pseudo-codeine, and the [3- 
isomer (XXIL) is considered to have the hydroxyl group at 

^ Wieiand and Koralek, AnnaUn, 1923, 433, 267. 

® Knorr and Horlein, Bet., 1907, 40, 2042, 3341 ; Pschorr, Bickhauser, and 
D’Avis, Ber., 1912, 45, 2212. 

* See Volume I., p. 241* 
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carbon atom 6 and the ethylene linkage between carbon atoms 8 
and 14, thus becoming conjugated with the ethylene linkage 
which is present in all the methylmorphimethines at position 



It will be noticed that in addition to the isomers mentioned 
there is the possibility of stereoisomerism in these compounds. 
Some of these stereoisomers are known. Thus codeine on con- 
version into chlorocodeide and boiling with dilute acetic yields 
isocodeine. Now when codeine and isocodeine are oxidized 
with chromic acid, they yield the same codeinone, which proves 
them to be structurally identical but stereoisomeric on aocoxmt 
of the arrangement of the — CH(OH) — groups in space, a differ- 
ence which vanishes when the secondary alcoholic radicle is 
oxidized to a carbonyl group.2 


4, Thehaine, Neopine mid Sinomenine 


(a) Thebaine— All examination of the formulse for codeine 
and thebaine 


HO, 


CH,0, 


CH3O' 


C„Hi,ON 

Codeine. 


CHgO- 

Thebaine. 




will show that thebaine apparently contains a structure^ similar 
to codeine, except that it has two hydrogen atoms less in its 
nucleus. It is reasonable to assume that in thebaine there is 
a double bond which does not exist in the codeine molecule. 


^ Gulland and Robinson, Zoc. 

^ Sehryver and Lees, «/., 1900, 77, 1042; 1901, 79, 563"^; 1907, 91, 1408; 

Knorr and Horiein, Ber,, 1906, 39, 4409 ; 1907, 40, 3844. 

■ ■ 
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Wlieii tliebaine is hydrolysed with dilute acid, it yields 
codeinone,^ a ketone also derivable from codeine by oxidation. 
The most satisfactory explanation of these reactions is based on 
the assumption that thebaine (XXIII.) is the ether derived from 
the enolic form of codeinone {XXIV. ) — 


H H CHs 
\ / • 

JO. N 



CHoO- 


O-CHg 

(XXIII.) Thebaine 



(XXIV.) Codeinone 


(b) Neopine . — Xeopine is a comparative newcomer to the 
opium alkaloids. It is isomeric with codeine and was shown to 
be identical with [3-codeine.^ It can be converted into ^-methyl- 
morphimethine, in which the ethylene linkage is between carbon 
atoms 8 and 14. When neopine was catalytically reduced it 
was converted into dihydrocodeine (XXV, ).^ The structure 
(XXVI.) has been allocated to it. 


I H cir3 

\ A 

CH m 



2 


CH XH. 


2 


A 

H OH 


(XXV.) 


CH,0' 


H H CHs 

p: 



-CH CH, 
“ 

H OH 


(XXVI.) Neopine 


(c) ^inofnenine . — Sinomenine is not an opium alkaloid, but 
is obtained from the Japanese plant Sinomenium amtum along 

^ Knorr, Ber., 1906, 39, 1409 ; Freund, ibid.^ 844. 

2 Dobhie and Lauder, J., 1911, 99, 34 ; Duin, Robinson, and Smith, J., 
1926, 903. 

® Skita and Frank, Ber., 1911, 44, 2865 ; Mannich and Lowenheim, Arch. 
Fharm., 1920, 258, 295, 
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witli a number of otker alkaloids.. In structure it is closely 
related to tlie morpliine group. Its molecular structure is 
C19H23O4N. It can be broken down to phenantbrene, and both 
siiionienine and its diliydro-derivative on reduction with. zinc 
amalgam and hydrochloric acid yield tetrahydrodeoxycodeine 
(XXVII.). From these and other properties of the substance the 
structure (XXVIII.) has been assigned to it.^ 



(XXVII.) 


H H CH 3 

GHsO-l i 

OH I II 
HX C-OCH. 

’.I 

0 

(XXVIII.) Sinomenine 


5 . The Aporphines 

Alkaloids containing the aporphine skeleton (XXIX.) have 
been isolated from a variety of plants of the poppy family. Of 
the natural compounds, glaucine, dicentrine, biilbocapnine and 
i^othebaine are perhaps the best known. To these may be 
added apomorphine obtained from morphine by intramolecular 
change and the loss of one molecule of water. These compounds 
are of interest here as they serve to show the structural con- 
nection between the morphine compounds and other isoquinoline 
alkaloids such as papaverine and laudanosine. The relation- 
ship betAveen morphine and apomorphine has already been 
described (p. 260 ). On the other hand glaucine (XXXI.) can 
be readily prepared from laudanosine in the following way. 

Nitration of laudanosine produces nitrolaudanosine (XXX.) 
which is then reduced to aminolaudanosine. Tliis last sub- 
stance is then diazotized ; and when the diazo-derivath^e is 
heated with copper powder, racemic glaucine (XXXI.) is formed, 
Avhich can be resohmd into optical antipodes by means of tartaric 
acid. 

^ Ishiwari, OkCigai Iji BhimpcK 1920, 959, 1 ; Kondo and OcMai, Amialen, 
1929, 470, 224 ; Goto, Proc. Imp. Acad. Tokyo^ 1926, 2, 7, 167, 414. 
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CH, 



(XXIX.) 



(XXX.) 

Nitrolaudanosine 


(XXXI.) 

Glaucine 


When the skeleton structures of morphine and papaverine 
are compared it will be noticed that if the bond between carbon 
atoms 12 and 13 of the morphine structure (XXXII.) is broken 
and ring III. rotated through 180°, about the axis carbon atoms 6 
and 14, the papaverine skeleton is obtained, and if carbon 
atoms 8 and 12, now in juxtaposition, are joined, the aporphine 
ring system is formed (XXXIII. ). ^ 



(a) rupture of 


hondn^ 

I — — ^ 

0^ 4 C (b) rotation of 

' I III ^ 

C 


ring III 


(XXXII.) Morphine 





(XXXIII.) 


6 . The Rehtions between the IsoquinoUne and Phenanthrene 
Alkaloids 

There are certain similarities in the structures of the 450 - 
quinoline and phenanthrene alkaloids which are apt to be over™ 
looked when the various substances are considered individually, 
and it seems advisable to point out here some of the resemblances 
which can be detected.'*' 


We are indebted to Professor Collie for notes on this point. 


lELATIONS BETWEEN 
ISOQUINOLINE AND 
INANTHRENE ALKALOIDa 
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OCTI; 

laocryptopine Chloride 
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In the table on p. 269 , some of the formnte are collected 
together. In the first place, an exaininatioii of the structures 
of narceine, laudanosine and papaverine will show the step-by- 
step change from the open-chain grouping of the amino-chain 
in narceine to the closed and unsaturated pyridine ring in papa- 
verine ; and it will also reveal the identical distribution of the 
hydroxyl radicles in the three molecules, although the outward 
resemblance is masked to some extent by the substitution of a 
methylene ether radicle in narceine for the dimethoxyl grouping 
common to the others. 

Comparison of narceine and hydrastine brings out the alliance 
between the two substances ; for the carbonyl and carboxyl 
groups in the former compound become converted into the 
lactonic ring of hydrastine, at the same time as the open chain 
is contracted into the piperidine ring. 

The main skeletons of laudanosine, glaucine and apomorphine, 
are obviously identical, and the change from the one formula to 
another is accomplished by a preliminary closing of a ring between 
two benzene nuclei, followed by a second ring-formation by 
elimination of water between two hydroxyl groups. 

The inter-relations between papaverine, berberine, and iso- 
cryptopine chloride can be seen by inspection of the formulae 
on page 269 . 

It has not been thought necessary to do more than give 
these examples, for the resemblances between other analogously 
constituted alkaloids can easily be detected when attention has 
been drawn to the matter. 

G. — The Phenanthridine Group 
I. Introductory 

The alkaloids of this group have been isolated from some 
species of the daffodil family (Amaryllidaceae) of plants. The 
compounds which have, up to the present, received most attention 
are lycorine and tazettine. These two substances are closely 
related. They both yield phenanthridine on degradation and 
can be oxidized to hydrastic acid. 

2 . Lycorine 

This compoimd has the molecular formula, 0^^1127041^, It 
is a very stable substance, but can be catalytically reduced to 
dihydrolycorine. The nitrogen atom is present in the tertiary 
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fc^'m. The action of hydriodic acid showed the absence of 
methoxy groups. Two of the oxygen atoms of the molecule 
are accounted for, as a metliylenedioxy phenanthridine has been 
obtained from lycorine. The remaining two oxygen atoms 
probably exist as hydroxyl groups, but have not yet been located 
in the molecule. When lycorine (I.) was distilled with zinc dust 
it yielded some phenanthridine (II.).^ . A less violent method 
of degradation gave interesting results. Lycorine was gou- 
verted into its anhydromethiiie (III.) by exhaustive '' methyla- 
tion using methyl iodide arid moist silver oxide. The anhydro- 
methine was then oxidized with potassium permanganate to an 
acid, CigHiiOgN (IV.), which on decarboxylation yielded 6: 7“ 
methylenedioxy-lO-methylphenanthridone (V.). 

When the aiihydromethine was first reduced to its dihydro- 
derivative and then distilled with zinc dust it yielded 6:7- 
methylenedioxy - 1 - ethylphenanthridine (VI.). The action of 
alkaline potassium permanganate on lycorine produced 4 : 5- 
methylenedioxy-o-phthalic acid (hydrastic acid) (VII.). The 
foregoing changes permit us to write down the carbon-nitrogen 
skeleton of lycorine and place in position two of the four oxygen 
atoms. The partial formulae are given below. 





1 KoTido and Uyeo, JBer., 1935, 68, [B], ^756; 1937, 70, [B], 1087. 
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3. Tazettine 


Tazettine, CigHgiOgN, yields ptenanthridine on zinc dust 
distillation and breaks down into hydrastic acid on oxidation. 
Like lycorine it may be converted into a metbine base, from which 
6-phenylpiperonyl alcohol was obtained by “ exhaustive ” 
methylation.^ The partial structure may be written as 


■ 0 , 


y\/\/ 


CH 


2 

''O' 


\/ 


N 


O.CH3 

CaHeO, 


\ 


H. — The Quinazoline Group 
1. Vasicine (Peganine) 

{a) Introductory . — ^Vasicine occurring in the leaves of the 
Indian Adhatoda vasica and in the seeds of Peganum 

harmahy is an interesting compound as it is the only alkaloid 
kno wii with certainty to contain the quinazoline skeleton. The 
dried leaves of Adhatoda vasica in the form of cigarettes are used in 
the treatment of asthma, and the liquid extract as an expectorant. 
Vasicine may be extracted from the leaves of Adhatoda vasica by 
means of alcohol or by a mixture of ammonia and chloroform. 

(b) The Constitution of Vasicine . — Vasicine has the molecular 
formula, The Zerewitinoff reaction showed the 

presence of hydroxyl in the molecule.*^* ^ This was confirmed by 
the conversion of vasicine into deoxychlorovasicine, CnHjLxNgCl, 
by the action of phosphorus oxychloride.^ When the allmloid 
was fused with potassium hydroxide the products identified were 
anthranilic and acetic acids. On oxidation with potassium 
permanganate vasicine yielded 4-quina2olone (I.),-^Cld on oxida- 
tion with permanganate followed by treatment with diazo- 
methane the product was methyl-4-keto-3 : 4-dihydroquinazolyl- 
3-acetate (II.), When, deoxychlorovasicine was reduced it 
gave deoxyvasicine, CxxHxgNg (VIL). The deoxyvasicine mole- 
cule contains the eleven carbon and two nitrogen atoms of the 

1 Spath and Kahovec, Ber., 1934, 67, [.B], 1501. 

* See p. 197. 

2 Spath and Nikawitz, B&r.y 1934, 67, [B], 45. 

^ Ghose, J, lnd,fphem. JSoc., 1927, 4, 1. 
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parent .alkaloid^ and presumably the molecular skeleton of 
.vasicine has persisted through the changes to the deoxy-deriva- 
tive. A knowledge of the structure of deoxyvasicine considered 
along with the other results of degradation will, therefore, go a 
long way towards elucidating the constitution of vasicine. 


Xr.OHa. GOOCH, 


It is evident that the remainder of the problem hinges on the 
arrangement of the carbon atoms attached to the quinazoline 
skeleton. The production of the quinazolylacetic acid deriva- 
tive (IL) shows nitrogen atom number 3 to be one point of 
linkage, and the complete skeleton of the vasicine molecule was 
established by the synthesis of deoxyvasicine in the following 
way. o-Nitrobenzylohloride (III.) vwas condensed with methyl 
y-aminobut}n‘ate (IV.) to yield o-nitrobenzylpyrrolidone (V.). 
This vras reduced by stannous chloride to the amino- compound 
(VL), which was transformed by phosphorus oxychloride into 
deoxyvasicine (VII.) identical with the compound obtained 
from natural vasicine.^ The steps in the synthesis are— 

/NO. CH 3 .OOC — GH 2 yNO. 


condense 


N/ \cH,/ 

(V.) 


redaee 


^ Spatli, Kulfaer, and Platzer, Ber., 1935, 68 , [B], 497 
Hanford and Adams, /. Arner, Chern.iSoc., 1935, 57, 921, 
VOL. II. 
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The hydroxyl group has now to be placed in the ring system 
to complete the structure of vasicine. There are four possible 
positions for this group, namely, a, p, y and 4 (see structure VII.). 
The synthesis of vasicine by two different methods leaves no 
doubt that the compound has its hydroxyl group attached at 
the a position in ring III. One of the spithesis follows similar 
lines to those adopted for the preparation of deoxyvasicine, the 
other is from o-aminobenzylamine (VIII.) and a-hydroxybutyro- 
lactone (IX.). The steps in the two syntheses are as follows : — 




0 : C- 


choh: 


OCHo 


condense 


/\/NO. 

ii CO-' 


HoN 


CHa 


\/ \cHo . C] XcH,/ 


-CHOH 


, !l I t'H, 

Xch,/ 

! 

I SnCU-i-HCl 


K . 


-CHOH 


'NITo 


condense 


X/XcH./^'Xciia 


CH. 


co- 


CHOH 


CKo 


Xc.HoX 


■NHo 


0:0 ~ 


-CHOH 




(VIIL) 


O GHo 

XcHoX 

(IX.) 


Interesting attempts have been made to synthesize vasicine and 
other quinazoline derivatives under physiological conditions.^ 
For example, o-aminobenzaldehyde (X.) and the acetal of y- 
aminobutyraldehyde (XL) were kept together in a citrate 
buffer solution of pH 4*8“6*0 at 30*^ C. for four days and gave a 
good yield of 4-hydroxy-2 : S-c^/cZopentanotetrahydroquinazoline 
(XIL), which could be reduced to deoxyvasicine (XIIL). 


^ Spath, Kuffner, and Platzer, Ber,, 1935, 68, [B], 699. 
2 Schopf and Oechler, Annahnt 1936, 523, 1. 
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It is thouglit that in the plant the production of vasicine 
results from the condensation of o-aminobenzaldehvde and y- 
amino-a-hydroxybutyraldehyde (XVI.) and that the precursors 
of these may be tryptophan (XIV.) and hydroxyornithine (XV.) 
respectively. 


CHo.CH.COOH 


(XIV, ) Tryptophane 


COOH 


(XV.) Hydroxyornithine 


CHAPTEE IX 

RECEKT WORK ON THE INDOLE" GROUP OP ALKALOIDS 
A. The Alkaloids of Ergot 
1. Introductory 

The fungus Claviceps purpurea develops on certain cereal crops, 
particularly in the seeds of rye. The sclerotium of this fungus 
is known as ergot, and occurs in the form of violet-black brittle 
grains. Ergot has long been used in medicine to stimulate 
muscle and particularly to excite uterine contractions. As the 
composition of ergot is not fully known it has to be carefully 
standardized for medical use. When absorbed in excess the 
ergot alkaloids are poisonous, and the regular use of ergotized 
rye bread gives rise to the human diseases known as gangrenous 
and convulsive ergotism. Eecent work has resulted in a great 
increase in our knowledge of the chemical nature of the ergot 
alkaloids which, so far as identified, fall into two well-defined 
groups. On the one hand there are the laevorotatory com- 
pounds of marked physiological action, and on the other hand the 
^substances which are dextrorotatory and physiologically weak 
in their effects. The relationship betw^een the two groups is a 
close one. The five known laevorotatory compounds of Group I 
are isomeric with the five dextrorotatory compounds of Group II, 
and the isomerides are interconvertible.^ In addition to the 
five pairs of isomerides there is i{;-ergotinine, which is isomeric 
with ergotoxine and ergotinine, and is convertible into either 
of these compounds.^ Table I. shows the relationships and the 
molecular formulae of the compounds. 

It is possible that the dextrorotatory alkaloids are mostly 
secondary products formed during the extraction of the sub- 
stances from ergot. In addition to the marked differences in 
optical rotation and physiological action between the two groups 
of alkaloids, the laevorotatory compounds possess strong residual 

1 Barger and Carr, J„ 1907, 91, 337 ; Kraft, Arch, Fharm., 1906, 244, 336 ; 
Stoll, Schweiz, Apoth.-Ztg,, 1922, 60, 341. 

2 Smith and Timmis, J., 1931, 1888. 
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valency, wHcli manifests itself in a tendency to form molecular 
compounds. 

Table I 


Ergot Alkaloids 


1 

1 Molecular 

1 ' Formula 

1 

Group I 

Laevorotatory I 

I 

Group 11 
Dextrorotatory 


CiaHasOjNa 

Ergoinetrine y 

y Ergometrinine 

I 


Ergosine y 

y Ergosinine 

i 

C 33 H 350 ,N, 

Ergotamine y 

y Ergotaminiiie 


C35H3SO3N3 

Ergotoxine y 

y Ergotiiiine 

y d;Ergotinine 

C35H30O3N3 

Ergocristine y 

i Ergocristinine 

1 



2. Decomposition Products of the Ergot Alkaloids 

Four pairs of the isomerides have been subjected to careful 
examination and the outstanding result has been the isolation 
of the compound lysergic acid and its amide from each alkaloid 
by hydrolysis. The acid itself is obtained by using aqueous 
alkali, and the amide, when alcoholic alkali is the degrading 
agent. ^ It is noteworthy that the other products of decomposi- 
tion from any one alkaloid are either the same in part or closely 
related to the products from the other alkaloids. Reference to 
Table 11. given below shows these relationships. 


Table II 


Alkaloids ’■ 

Ergoinetrine 

Ergometrinine 

Ergosine 

Ergosinine 

Ergotamine 

Ergotaminine 

Ergotoxine 

Ergotinine 

Decomposition 1 
Products \ 

Lysergic acid 
d-p - Aminopropyl 
alcohol 

Lysergic acid 
LLeucine 

Pyruvic 

acid 

i^-Proline 

Ammonia 

Lysergic acid 
LPlienyl- 
alanine 
Pyruvic 
acid 

c^-Proline 

Ammonia 

Lysergic acid 
^-Phenyl- 
alanine 
Dimethyl- 
pyruvic 
acid 

(^-Proline 

Ammonia 


^ ^ Smith and Timmis, J*., 1932, 763 ; Jacobs and Craig, J, Biol, Chem., 1934, 

104,547; 1935, 111, 455. 
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The structures of (f-^-aminopropyl alcohol, Meucme, Z-phenjl- 
alanine, pyruvic acid, dimethylpyruvic acid and d-proline are 
given below for reference. 


Z-Leucine (CgHigOgN) 

(p-isopropyl-a-aminopropionic acid) 


Z-Phenylalanine (CgHnOgN) 

(p-phenyl-a-aminopropionic acid) 

Pyruvic acid (C3H4O3) 

Dimethylpyruvic acid (CsHgOs) 
(isobutyxylformic acid) 


CHa 

-CH 

-CHaOH 

1 

H 

I 

NHa 


CHa— 

1 

— CH— 

-COOH 

1 

OH 

/\ 

1 

NHa 


CH3 CH 

3 


CHa- 

— OH- 

—COOH 

CeHs 

j 

NHa 



CHg— CO— COOH 
CH3 

\0H CO COOH 

CH3 


CH., CHa 


Proline (C5H9O2N) 1 1 

(pyrrolidine-2-carboxyhc acid) CH2 Oil t-uun 


I 

H 


3 . The Structure of Lysergic Acid 

Although finality has not yet been reached on the question 
of the structure of lysergic acid, the major problems have been 
solved and a substantially correct picture of the molecule may 

Lv^Sc acid is obtained by hydrolysis of the alkaloids and 
has the molecular formula It has been isolated 

1 J. Biol. Ohem., 1832, 97, 739; Jacobs and Craig, ibid., 1934, 
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in |:.wo opticallv active isomeric forms, and when it is heated in 
aqueous solution it is converted into a new isomer, fsolysergic 
acid. By the action of alkali on this isomer lysergic acid is 
re-formed. From measurements of their optical rotations and 
from a s}mtliesis of d^-ergometrinine from dl-i^olysergic acid, it is 
concluded that lysergic acid is derived from the laevorotatory 
alkaloids and ^solysergic acid from the dextro-compounds. 
Lysergic acid behaves both as an acid and a base. It contains 
a N-methyl group and a carboxyl group, and gives indole colour 
reactions. When lysergic acid is reduced by means of amyl 
alcohol and sodium it yields dihydrolysergic acid, pointing to 
the presence of one reducible etbylenic linkage in the molecule. 

Oxidation of lysergic acid by nitric acid leads to a tribasio 
acid, Ci 4 H 90 gN. This substance may he formulated as a N- 
methylquinolinebetaine tricarboxylic acid (II.), as it yields 
quinoline (III.) on fusion with soda-lime.^ When diliydro- 
lysergic acid (IV.) is fused with potassium hydroxide 1-methyl- 
5-aminonaphthalene (V.) and 3 : 4-dimethylmdole (VI.) are 
formed. “ Taking these facts into consideration the structure 
(I.) given on p. 280 has been suggested for lysergic acid. 

Eings G and D of structure (1.) would give rise to the quino- 
line compomids (II,) and (IIL). Rings A and C wmiild account 
for l-m.ethyl-5-aminonaphthalene (V.), the formation of which 
also gives a clue to the position of the indole nitrogen atom. 
Rings A and B would yield 3 : 4-dimethylmdole (VI.). 

Comparison of the ultraviolet absorption spectra of lysergic 
acid and the parent alkaloids with the spectra of the correspond- 
ing reduced compounds indicates that the ethylenic linkage is 
conjugated with the benzene or pyrrole ring of the indole nucleus.^ 
From these results the double carbon bond is either at position 
4~"5, 5-10 or 9-10. Measurements of the strengths of the basic 
groups in lysergic and isolysergic acids showed the former to be 
the weaker base. This difference in basicity is attributed to the 
position of the ethylenic linkage relative to the basic group, 
rlSr.CHg, in each compound. In lysergic acid the point of un- 
saturation and the basic group are nearer to one another than in 
2 isolysergic acid. The conversion of lysergic acid into isolysergic 

^ Jacobs and Craig, ^c^e?^ce, 1936, 83, 38. 

“ Jacobs and Craig, J. Biol. Ghent.,, 1939, 128, 715, 

^ Jacobs, Craig, and Rothen, Science, 1936, 83, 166. 
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acid is considered to be due to the migration of the ethylesfiic 
linkage to an adjacent position. Inspection of the structure 
given to lysergic acid (I.) shows that of the possible positions 
for the ethylenic linkage, 5-10 must be selected if wolysergic acid 
is to have its unsaturated linkage further removed from the 
basic group and at the same time adjacent to the position occupied 
by the bond in lysergic acid. Isolysergic acid, consequently, 
will have the ethylenic linkage at position 9-10.^ 


( 13 ) 
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( 34 ) 

o-’b, C (IM C H 


coon 


(1) H-N' 1,0 0 -^ ^C-COOH (8) 
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Methylamine is produced in almost quantitative yield along 
witli indole derivatives by the decomposition of dehydrolysergic 
acid. It is, therefore, reasonable to conclude that the methyl- 
amine does not come from the indole part of the molecule, but 


^ Craiff, Shedlovsky, 'Gould, and Jacobs, J , BioL Chem ., 19SS, 125, 2S9. 
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fropi tile liydroqumoline portion. The methyl group is conse- 
quently ^ shown in. the structure (I.) attached to the nitrogen 
atom numbered 6. , ' 

To provide an asymmetric carbon atom in the lysergic acid 
inolecule' the carboxyl group must occupy position 4, 7,. 8 or 9. 
Position 4 may be rejected as substituted indole acetic acids are 
unstable when heated. Dihydrolysergic acid is so stable that 
it can be sublimed at SOO'^ C. Position 9 may also be rejected 
since migration of the double bond between positions 5“10 and 
9-10 should cause ready racemization. No racemization has 
been detected due to the interconversions of lysergic and 
lysergic acids. 

Comparison of the relative magnitudes of the basic dissocia- 
tion constants of dihydrolysergic acid (IV.) and 6-methylergolme 
(XVIL) points to the acid having its carboxyl and basic groups 
in the 1 : 3 positions relative to one another. Position 8 is, 
therefore, assigned to the carboxyl group of lysergic acid.^ 

A. The Ergolines 

Turning now to the synthetic compounds related to lysergic 
acid, three important substances have been prepared. The 
parent compound has been named ergoline (XVL), the other 
two are 6-methyl-ergoline (XVIL) and 6 : 8-dimethylergoline 
(XV.). The same general methods were employed in all three 
syntheses. The preparation of 6 : 8-dimethylergoline will be 
described as it has also been obtained from lysergic acid from 
natural sources. 3-Ammo-l-naphthoic acid (VIL) was con- 
verted into 3-methyl-5 : 6-benzquinoline-7-carboxylic acid (IX.) 
by a modification of Skraup’s synthesis in which p-methyl- 
glycerol ay-diethyl ether (VIII.) was used instead of glycerol. 
The benzquinoline derivative was nitrated and gave as the main 
product the 3-methyl-8-nitro-9-carboxylic acid derivative (X.) 
of the benzquinoline. Reduction of the nitro group by means of 
ferrous sulphate and alkali yielded the corresponding amino 
compound (XL), which on treatment with hydrochloric acid 
was converted into the lactam (XII. ), The methochloride 
(XIII.) of the lactam on hydrogenation using platinum dioxide 

^ Jacobs and Craig, ibid., 1935, 111, 455, 

" Craig, Sbediovsky, Gould and Jacobs, J. Biol. Che-m., 1938, 125, 289. 
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as ^ the catalyst yielded the partially reduced , compound, 
Ci6Hi 60N'2 (XIV.). This derivative was further reduc-ed by 
means of sodium and butyl alcohol with the formation of 6 : 8~ 
dimethylergoline (XV.). This substance, which contains three 
asymmetric carbon atoms in the molecule, is presumably a' 
racemic compound. Its properties are practically identical with 
those of the optically active base obtained from natural sources.^ 
The resolution of the synthetic 6 : 8-dimethylergoline into its 
optically active forms and a comparison of these with the com- 
pounds from natural tysergic acid will put the matter beyond 
doubt. The formulse given on p. 282 will make the steps in 
the synthesis clearer. 

5. The Stnictwres of Ergometrine and Ergometrinine 

Assuming that the structure given for lysergic acid is 
substantially correct there remains the problem of the way 
in which the different parts of the alkaloid molecules are 
joined together. 

Both ergometrine and ergometrinine on hydrolysis yield 
lysergic acid and d-j3-aminopropyl alcohol.^ From this it is 
inferred that they are amides. Lysergic acid itself is very^ 
sensitive to acids and attempts to build up the amide from the 
acid and alcohol were unsuccessful. The synthesis was accom- 
plished in the following way. Methyl lysergate (XVIII.) was 
treated with hydrazine and converted into iMyserghydrazide 
(XIX.). From this compound by the action of nitrous acid the 
corresponding azide (XX.) was isolated. The action of d-p- 
amino-^»propyl alcohol on the azide gave a mixture of amides 
from which d-i^olyserg-d-p-hydroxyisopropylamide (XXL) vras 
isolated chromatographically by aluminium oxide. This amide 
proved to be identical with ergometrinine and like natural 
ergometrinine could be isomerized to ergometrine (d-lyserg-d-p- 
hydroxyisopropylamide) (XXII.) by the action of acetic acid or 
phosphoric acid in alcohol.® The structures are as shomi on 
p. 284. 

^ Jacobs and Gould, «/. Biol. Ghem., 1937, 120, 141 ; 1938, 126, 67. 

Smith and Timmis, J., 1937, 396 ; Jacobs and Craig, Science, 1935, 83, 16. 

^ Stoll and Hoffmann, Z. physiol. Ghem.^ 1937, 250, 7. 
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6. The Structures of Ergosine, Ergotamine, Ergotoxine and 
their Isomers 


Five products have been isolated from each of these more 
complex alkaloids (see Table II., p. 277). These pieces have to 
be fitted together in agreement with the available evidence to 
give the complete alkaloid molecule. The amide of lysergic acid 
(ergine) (XXIII.) is obtained from the alkaloids by hydrolysis 
with alcoholic alkali. In a similar way a peptide, 

(XXIV.), was produced from ergotinine, which on further 
hydrolysis by strong acid yielded proline and phenylalanine. 
These facts point to the presence of two acid amide linkages in 
the alkaloidal structoe. The twp amides are — 
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(XXIII.) Ergine 
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It now remains to fit these and dimethylpyruvic acid 
together correctly to obtain the ergotoxine-ergotinine mole- 
cules. A further step forward in the problem was taken when 
it was foimd that ergotinine after prolonged catalytic hydrogena- 
tion still yielded dimethylpyruvic acid on hydrolysis by alkali. 
Under the conditions of hydrogenation employed, dimethyl- 
p 5 T:uvic acid (XXV.) itself was readily reduced to a-hydroxy- 
isovaleric acid (XXVI. ) 


GH, 


CH, 


>CH— CO— COOH 


(XXXV.) 
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CH 




CH, 


^H 
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The conclusion to be drawn from these results is that the 
dimethylpyruvic acid ’’ part of the alkaloid molecule is present 
in a form incapable of reduction. A free keto-acid grouping 
may, therefore, be ruled out. The most satisfactory explanation 
is that the structure yielding dimethylpyruvic acid on .hydrolysis 
is— ' 


OH., 


CH, 
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)CH— C— 00- 


N 


If this grouping formed a-hydroxyvahne on hydrolysis of the 
alkaloid it would decompose readily into dimethylpyruvic acid 
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and ammonia. Taking all tke known facts into consideration a 
provisional structure may now be formulated for ergotoxine 
(XXYII.). 
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(XXVII.) Ergotoxine 

Tke isomer ergotinine will liave the same arrangement of 
atoms but with the ethylenic linkage between carbon atoms 9 
and 10. Ergotamine and ergotaminine will have the correspond- 
ing structures, but with the pyruvic acid residue in place of the 
dimethypyriivic acid grouping. Similarly the ergosine (XXVIII.) 
and ergosiiiine molecules may be built up with the leucine 
grouping in place of the phenylalanine residue.^ 
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(XXVIII.) Ergosine 


^ Jacobs and Craig, J. Biol, Ohern,, 1938, 122, 419, 
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B. — The Harm aline Alealoibs 

Tlie seeds of tlie plant Peganum hanmla contain tiree 
alkaloids of the indole group. 

Harmaline ^ 

■ Harmine ^ ■ . . 

Harmalol^ • . . . ... . G^^IL^lo^l , 

From a comparison of the formulae, it appears likely that harma- 
line is dihydroharmine.^ This proves to be the case ; for both 
compounds yield the same tetrahydroharmine on reduction, 
and harmaline is converted into harmine by gentle oxidation. 
When boiled with hydrochloric acid, both harmine and harmaline 
are demethylated, showing that each of them contains a methoxy- 
group. The products of these reactions^ are respectively 
harmol, C12H10ON2, and harmalol, Harmine is a 

secondary base ; for with methyl iodide it yields first methyl- 
harmine and then methylharmine. methiodide. 

On oxidation with strong nitric acid,^ harmaline gives 
harminic acid, C3Hehr2(COOH)2, and m-nitroanisic acid. The 
production of this last substance shows that the harmine molecule 
must contain the grouping : 



Oxidation of harminic acid with dilute nitric acid produced 
some ^'sonicotinic acid ; so that the harmine structure must have 
in it the nucleus 


C 



^ Goebel, 1841, 38, 363. 

“ Eritscbe, 1847, 64, 365. 

3 0. Eiscber, Hen, 1897, 2 329; Prince LuUpoU Fest^ 


schrift, Erlangen, 1901 (see Gherri: 80 c. AhstractSf 1905, i, 229). 
■■■^;:0.^Eiscber, Her., '1897, 28,2481;'^ 

® 0. Eischer and Tauber, Her., 1897, 39, 2482, 

® 0. Eisciier and Boesler, Her., 1912, 45, 1934. 

’ 0. Eiseber and others. He?*., 1914, 47, 99. 
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Further, Perkia and Eobinson " found that harmine condenses 
with henzaldehyde to yield a benzylidene-harnme ; wtoch 
suggests by analogy that harmine contains a methyl in 

the a-position to a nitrogen atom, like a-picolin^e. Fma y, 
by the elimination of the methoxy-group from har^e, 0 
Fischer ^ obtained a compound harman, G 12 H 10 N, which proved 

to be the key to the problem. , 

Perkin and Eobinson in 1912 suggested that harmme con- 
tained a fused system of benzene, pyrrol, and ^laine rings 
The results of oxidation, given above, mdicate that the pyrrol 
ring is in the centre, since derivatives of both the other rings 

appear among the disintegration products. , _ 

Nowin 1903, Hopkins and Cole ® obtained a base by oxidizing 

tryptophane with ferric chloride :; and this base was identified 

by Perkin and Eobinson ^ with 0. Fischer’s harman. 

/V- i-j-r-r /"iXX/'XTTT \ 


-CH.CH(NH2).C00H 


N 


NH 


NH 


CH, 


, , Harman. 

Trytopnane. 

It will be noticed that this conversion of tryptophane into 
harman demands an extra pair of carbon atoms, which are prob- 
ably derived from decomposition products of another trypto- 
phane molecule. Their exact provenance is not of major 
importance, however. The main point is that the indole nucleus 
of tryptophane can give rise to harman ; so that the presence 
of the same indole kernel in harman is made probable.® Trypto- 
phane can be condensed with formaldehyde to yield wrliarman, 
which seems to place the matter beyond doubt. 

CH 2 Cli^2 

,/\OH.COOH ^/Vk.COOH />, 

NH CHa ■ ■: .NH,:. 


NH 3 
NH+CH20 


^ Perkin and Robinson, J 1912, 101, 1778. 

2 0. Fischer, Imitpold Festschrift, 1901. 

H^opkins and Cole, J. Physiol., 1903, 29, 451. 

i Perkin and Robinson, 1919, 115, 933, 971. 

5 See also Kermack, Perkin, and Robinson, J., i921, 119, 1602 ; 19--., 1-^1, 
■1872. 
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,, pitting together the above evidence, Perkin and Eobiiison 
arrived at the following fomiiilse for harniine and harmaline : 





CHs 


Harniine. 


CH., 


CH3O- 


NH 

Harmaline, 


/ 

OH 


.N- 


C. — The Yohimbe Alkaloids 


1. Introductory 

The source of these alkaloids is Yohimbe, the bark of the tree 
Pausinystalia yohimba Pierre ex Beille (Fam. Rubiaceae), in- 
digenous to the French Congo and the Cameroons. The chief 
alkaloidal constituent of the bark is yohimbine. Some of 
the other yohimbe alkaloids are isomeric with yohimbine, and 
y-yohimbine, mc5oyohimbine and yohimbeiie, on degradation 
yield the same derivative, yohimbol, obtained from yohimbine.^ 
The structure of yohimbine will be dealt with here. 

2. Yohimbine 

Yohimbine (XIX.) has the molecular formula C21H26O3N2. 
Two of the oxygen atoms of the molecule are present in a methyl 
ester grouping, as on hydrolysis with potassium hydroxide 
solution, yohimbine yields yohimbic acid, C20H24O3N2 (XX.), 
which can be esterified with methyl alcohol to re-form yohimbine. 
The remaining oxygen atom is present in a secondary alcoholic 
group. ^ When yohimbic acid is decarboxylated the alcohol 
yohimbol, C19H24OX2 (XXL) results. A valuable clue to the 
structure of yohimbine was obtained when 3 -ethylindole (I.) and 
indole-2-carboxylic acid (11.) were identified as products of 
alkali fusion of yohimbic acid, and the problem was taken a 
stage further when harman (III.) was isolated from the products 
of the distillation of the acid. ^ 

^ Eoiirneau and Eiore, Her., 1930, 63, 1638, 2961. 

2 Barger and Field, J., 1915, 107, 1025 ; Field, ibid,, 1923, 123, 3004; 
Bet,, 1927, 60, 1009. 

3 Warna.t, Ber„ 1927, 60, 1118 ; Barger and Scholz, J., 1933, 614; Helv, 
Chim, Acta, 1933, 16, 1343. 

VOL. II. 


u 


290 RECENT ADVANCES IN ORGANIC CHEMISTRY 




H H 

\/ 

//C\ 
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CH, 


N/ '-N/ ^COOH 

H . H H cHg 

(1.) (II.) (III). Harman 

The environment of both, nitrogen atoin.s is thus known and 
twelve of the carbon atoms are accounted for. On zinc distilla- 
tion yohimbine yielded some isoquinolme (IV*). ^ The pro- 
duction of these compounds is explained by formulating the 
yohimbine skeleton (V.) as a system of five condensed rings. 
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(V.) 


H 

(IV.) 


This structural arrangement is supported by evidence from other 
directions. When yohimbine is dehydrogenated with selenium 
three compounds are formed, ketoyobyrine, C2oH3_6C^^2 (VI- ) > 
tetrahydroyobyrine, C;^9H2oN g (X. ) and yobyrine, 

(XV.). Ketoyobyrine, which contains the twenty carbon atoms 
of yohimbic acid, when heated with potassium hydroxide in 
amyl alcohol, breaks down into ^^orha^man (VIL), 2 : 3 -dimethyl- 
benzoic acid (VIII.) and hemimellitic acid (IX.). These changes 
may be formulated in the following way, the ketoyobyrine 
molecule splitting at ring D. 

^ Winterstein and Walter, Helv. CMm. Acta, 129, 170, 577. 
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(VI) (VIIT) (IX) 

Tlie production of 2 : 3-dimetliylbenzoic acid and kemimellitic 
acid lias an additional importance as their formation points to 
the ester grouping of yohimbine being located at carbon atom 16 
of ring E. 

Tetrahydroyobyriiie (X.) on oxidation with nitric acid breaks 
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down to yield berberonic acid (pyridiiie~2 : 4 : 5 -tricarboxyIic 
acid) (XL). When the oxidation is effected by ozone or chromic 
acid a compound, (XII.), is produced, which also 

yields berberonic acid by the action of nitric acid, and on 
hydrolysis yields o-aminopropiophenone (XIII.) and 5 : 6 : 7 : 
S^-tetrahydroi5oquinoline-3~carboxylic acid (XIV.). Tetra- 
hydroyobyrine is, consequently, given the structure shown, 
as this readily accounts for the formation of the products 
obtained.^ 

Similarly, the decomposition products of yobyrine (XV.) fit 
into the same structural scheme.^ When yobyrine is oxidized 
by means of sodium dichromate in acetic acid it furnishes o- 
phthalic acid (XVI.), o-toluic acid (XVII.), and oxoyobyrine, 
C19II14ON2 (XVIIL). These changes are represented as follows : 
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Ka 2 Cr 207 H’C C- 


H 


(XVIII) 


coon 



HOOC, 



{XVI) 


(XVID 


Turning now to the positions occupied by the ester and 
hydroxyl groups in the yohimbine molecule, the ester grouping 
is attached to carbon atom 16 in ring E (see structures V, and 
VI.), as 2 : 3 -dimethylbenzoic acid (VIII.) has been obtained 
from yohimbic acid, and m-toluic acid has been isolated from the 
decomposition products of both yohimbine and yohimbic acid. 

The position of the alcoholic hydroxyl group is less certain. 
Eeference to the structure given for yohimbine (XIX.) shows 


^ Scholz, Ilelv. Chim, Acta, 1935, 18, 923. 

2 Mendlik and Wibant, Bee, trav. cMm,, 1929, 48, 191 ; 1932, 50, 91 ; Barger 
and Schols, J., 1933, 614. 
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that there are two available positions in ring D and three in 
ring E, ' The positions in ring D may be excluded from further 
consideration as the appearance of harman (IIL) as a decomposi- 
tion product entails carbon atom 14 being in an iinoxidized 
condition in order to yield a methyl group. Carbon atom 21 
may also be ruled out as it goes to form a methyl group in both 
dimetliylbenzoic and m-toluic acids.^ This leaves places 17, 18 
and 1 9 of ring B as possible positions for the group. No decision 
has yet been reached on this problem. The structure of yohim- 
bine may be written down as follows, with the hydroxyl group 
shown provisionally at carbon atom 17 . 
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3. Synthetic Comfounds related to Yohimbine 

Although yohimbine itself has not yet been synthesized 
several closely related substances have been prepared. The 
same general methods were employed in these syntheses, and in 

^ Hahn and Werner, Annalm, 1935, 520, 107. 

^ Hahn, Kappes, and Lndewig, Her., 1934, 67, 686. 

■* 


294 recent advances IN ORGANIC CHEMISTRY 


consequence tlie preparation of one compound will suffice to 
demonstrate the scheme of reactions. 


4. The Synthesis of Hexadehydroyohimbol 

When m-hydroxyphenylpyruvic acid (XXII.) was allow'ed 
to stand in contact with the hydrochloride of tryptamine (3-^S- 
aminoethylindole) (XXIII.) in slightly acid solution for some 
days at 25° C,, condensation took place with the formation of 



(XXIII) 
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(XXII) OH 


■H CHsOH 
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(XXVII) 
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S-m-liydroxybenzyl-S : 4 :'5 : 6-tetraliydrO'?iofliarmaii-3-carboxylic 
acid (XXIV.).''*'' This compound was decarboxylated by means 
of methyl alcoholic hydrogen chloride to S-m-liydroxybenzyl- 
S : 4 : 5 : 6-tetrahydronorharman (XXV.). The action of warm 
formaldehyde solution on this last-named substance led to the 
formation of 3-(3-hydroxy-6-hydroxymethylbenzyl)-3 : 4 : 5 : 6- 
tetrahydronorhamian (XXVI.). When the hot aqueous solution 
of the hydrochloride of this compound was made alkaline with 
sodium carbonate, ring-closure was effected and a hexadehydro- 
yohimbol (XXVII.) isolated.^ 17-Methoxy-l 8-hydroxy and 
17 : 18-dimethoxy derivatives have also been prepared.^ 


D. — Stbychxine and Brucine 
1. Introductory 


These are the two most important alkaloids occurring in the 
seeds and wood of various Strychnos plants. Strychnine was 
isolated from Strychnos Nux-vomica in 1817 and brucine a few 
years later. The two compounds are closely related, yielding 
the same acid on oxidation mth chromic acid, and it is now 
established beyond doubt that brucine is a dimethoxystrjrchnine. 
The molecular structure of strychnine is a compact of fused 
rings and the difficulties encountered in probing this formation 
were very great. Investigations have been carried on for over a 
century and step by step the constitution has been elucidated. 
Finality has not yet been reached, but the principal features 
of the molecular structure have been established and several 
provisional structures (I.), (II.) and (III.) have been put 
forward (see p. 296). 

It will be noticed that these three structures are similar 
except for an uncertainty regarding the point of attachment of 
the carbon atom numbered 16. 


Tlie worharman ring system, 


1 

,x/2 
H 


4 is also known as the 


4- carboIiiie system. It has bcon proposed, however, to alter this to or 

5- carboIine to bring the numbering of the system into harmony with that of 
other condensed nuclear types.^ 

i Guiiand, Robinson, Scott, and Thomley, *7., 1929, 2924. 

- Hahn and Werner, Annalen, 1935, 520, 123. 


- Hahn and Hansel, Her., 1935, 71, [B], 2192, 
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Suggested formulae for strychnine 

2. The Constitutions of Strychnine and Brucine 
The strychnine molecule, C21H22O 2^2 (I.) contains one 
neutral and one basic tertiary nitrogen atom, yielding salts of 
the types B.HCl and 62.112804.^ On hydrolysis with alcoholic 
sodium ethoxide strychnine was converted into strychninic acid, 
C21H24O3N2 (IV.), from which strychnine was readily reformed 
by dehydration. The two new groups produced in the formation 
of strychninic acid are a carboxyl and a secondary amine, as the 
compound forms metallic salts and yields a nitrosamine, 
C2 oH220N(N : N 0 ).C 00 H, when treated with nitrous acid.^ 
These results suggest that the structure in strychnine giving 

rise to and — GOOH in strychninic acid, without the 

loss of a carbon or nitrogen atom, is a cyclic amide. The presence 
of the amide grouping in strychnine is confirmed by the results 
of electrolytic reduction. Here the reduction proceeds normally 
and strycWidine, C21H24GN2 (V.) is produced owing to the con- 

1 Regnault, 1838, 26, 17, 

2 Loebisch and Sehoop, Monats., 1886, 7, 83 ; Tafei, Annalen^ 1891, 264, 
50 ; Gal and fitard, BuU. Soc. chim.> 1879, [ii.], 31, 98, 
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version 


of tlie acid amide group, \k-_CO— , into an 


am, me, 


\]^ — CH2“. In stryclinidine botli nitrogen atoms are basic in 

properties.^ Using structure (L),of strycbnine for purposes of 
illustration strycliniiiic acid (IV.) and strychnidine (V.) will 


liave tbe following structures 
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Strycbnidine like strychnine contains one ethylene linkage 
as it can be catalytically reduced to dihydrostrychnidine (VI.). 
The second oxygen atom of strychnine is chemically inert and 
as strychnine can be reduced to an oxygen-free base without 
loss of carbon the oxygen atom must be present in a cyclic ether 
formation.^ The nature of the two oxygen and two nitrogen 
atoms of strychnine is now^ understood. Strychnine condenses 
readily with benzaldehyde in alkaline alcoholic solution to yield 
benzylidenestrychnine (VII.), This reaction requires the pres- 
ence of an activated methylene group, and in this case the 
activation must be ascribed to an adjacent carbonyl group. 

1 Tafei, AnnaJen, 1892, 268, 229 ; 1898, 301, 285 ; Skita and Frank, Ber., 
1911, 44, 2862 ; Clemo, Perkin, and Robinson, J., 1927, 1589, 2389. 

“ Tafel, Ann, Chem,, 1898, 301, 285 ; Perkin and Robinson, J., 1929, 964. 
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The structure' — ^ 00 — CH2— is, therefore, ' present in the 

strychnine molecule. The chain of atoms has been further 
extended. When strychnine was oxidized with potassium per- 
manganate a ketonic acid, strychninonic acid, C2iH2oOgN2 
(VIIL), was formed.^ This could be reduced with sodium 
amalgam to strychninolic acid, C21H22OSN2 (IX.). On examina- 
tion this latter acid turned out to be a secondary alcoholic mono- 
carboxylic acid without any basic properties, and it was con- 
cluded that both nitrogen atoms were amidic in character. 

W"hen strychninolic acid was allowed to stand for some hours 
in sodium hydroxide solution it split off glycollic acid (X.), and 
was converted into strychninolone, CigHigOjjXg (XI.). These 
mild reaction conditions were unlikely to affect the two amide 
groups, and it was concluded that the carboxyl group of glycollic 
acid was the free acidic group of strychninolic acid. The pro- 
duction of glycollic acid is best explained by assuming the 

presence of the grouping — C — 0 — CH2 — COOH in strychninolic 
acid (IX.), and consequently of an ether oxygen in strychnine.^ 
This oxygen atom in strychnine is presumably in the neighbour- 
hood of the acid amide grouping, as a comparison of some of the 
properties of strychnine and strychnidine showed that the ether 
oxygen in strychnine entered into several changes which did 
not occur in strychnidine. Thus strychnine on reduction with 
phosphorus and hydrogen iodide was converted into deoxy- 
strychnine, CgiHggONg, by removal of the ether oxygen and 
further reduction. Treated in the same way strychnidine did 
not give up its ether oxygen. 

Again, strychnine when ‘heated with water or ammonia in 
methyl alcohol was converted into i^ostrychnine, which contains 
an alcoholic hydroxyl group formed from the ether oxygen by 
scission. Strychnidine does not undergo this tj^a of isomerism. 
For these and other reasons the grouping 

CO— CHs— CH—O— CHa— 

(a) __ __ 

^ LeucKs al„ Ber., 1908, 41, 1711 ; 1909, 42, 2494 ; 1910, 43, 2417 ; 
1936,69,47. 

® J’awoett, Perkin, and Robinson, J..,, 1928, 3082,. 
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is considered to be present in the strychnine molecule. Eevert- 
ing to strychiiinonic acid (VIII.), this substance is a ketonic 
inonocarboxylic acid and like strychninolic acid contains two 
neutral nitrogen atoms, imdoubtedl}^ due to the presence of 

twm \N-_cO— groups in the molecule. The ketonic and 

carboxyl groups of strychninonic acid must arise from an ethylene 
linkage in a ring ; and bearing in mind the formation of glycolHc 
acid from strychninolic acid the ether oxygen must be placed in 

the structure as follows, — 0 — CHg — CH=C<^. Add to this 
chain the structure already established and we have 

CO— CHg— CH— 0— CH2— CH=C<^. 

(a) 

This chain of atoms can be extended to include the second 
nitrogen atom of strychnine. 

Dihydrostrychninonic acid, C21H22O6N2, (XIL), which is 
isomeric with strychninolic acid, was formed in small quantity 
during the permanganate oxidation of strychnine. The appear- 
ance of this compound can be explained if it is assumed that a 
carbonyl group is adjacent to the ethylene linkage and that 
oxidation at the double carbon bond takes the course : — 

— 0— OH2— CH=C— CO— N<^ 

I (b) 

— 0 — CH,— C— C— CO— n/ 

N I ^ 

0 OH (b) 

I / 

— 0 — OH,— C— OH H.C— CO— 

' li I ^ 
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Making this addition to tke atomic chain already formulated,^ 
the sequence of atoms in strychnine is— 


\n_(;;0--CH,--CH— 0— CH,— CH=C— 0H„— N<' 


/ 


(a) 


(b) 


\ 


One of the characteristic properties of strychnine is the ease 
with which it is nitrated and sulphonated. This coupled with 
the fact that various benzene derivatives have been detected 
amongst the products of decomposition makes it certain that 
there is at least one benzene nucleus in the molecule. Picric 
acid and 3 : 5-dinitrobenzoic acid have been isolated from the 
products of oxidation with nitric acid, and N-oxalylanthranilic 
acid (XIII.) was obtained by alkaline permanganate oxidation 
of strychnine. 2 Comparison of the reactions of strychnine and 
strychnidine showed that they are related to one another as 
acylanilines are to alkylanilines. This confirms the presence of a 
benzene nucleus attached to an acid amide group as indicated 
by the production of dST-oxalyl-anthranilic acid. A benzene 
nucleus can now be added to the chain of atoms already 
established. 

■' ' "c 
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^ Robinson, Pfoc. J?o?/. iSoc., 1931, |A], 130, 431. 

- Shenstone, J., 1886, 47, 139; Menon, Perkin, and Robinson, J,, 1930, 
842 ; Spath and Bretsclineider, Ber., 1930, 63, [B], 2997. 
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The following structures will make the chemical changes 
described in the foregoing paragraphs clearer. 


9H2 9^2 



CH (VII) 
CsHs 
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Turning now to some other products obtained from strychnine 
and its relatives. Methylstrychnine mixed wuth methylalcoholic 
potash and heated to 250° C. yielded some carbazole ^ (XIV.). 
When strychnine was treated with hot dilute nitric acid, nitration 
and oxidation proceeded in stages and finally the chief product 
isolated was 5 : 7“dinitromdole“2 : S-dicarboxylic acid (XV.).“ 


.COOH 


(XIV) (XV) 

When strychnine was broken down under as mild conditions as 
possible, using alcoholic potassium hydroxide, three basic com- 
pounds were isolated. Two of these have been identified, one as 
4-methyl-3-ethylpyridine (XVI.) and the other as 3-p-amino- 
ethylindole (tryptamine) (XVII.). The latter substance is 
of particular interest as it contains both nitrogen atoms of 
strychnine.^ 


(XYI) (XVII) Tryptamine 

The atomic arrangement of strychnine may now be further 
elaborated to (XVIII.) : — 


(XVIII) 

The basic tertiary nitrogen atom (b) may be put into a five- 
membered ring, as brucinonic acid (XX.) (which is related to 

^ Clemo, Perkin, and E-obinson, J., 1927, 1589. 

“ Menon and Robinson, J,, 1931, 773. 

3 Kotake, Proc. Imf. Acad. ToJcyS, 1936, 12, 99 ; Clemo, J., 1936, 1693. 
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brucine (XIX.) as stryclininomc acid (VIII.) is to stryclmine), 
by oxidation witli barium peroxide was converted into an amino- 
acid, C2 oH220o^ 2 (XXL), which, could not be converted into 
the corresponding lactam.^ An amino-acid derived from, a six- 
membered ring would be expected to yield a lactam without 
difficulty. 


CH30-C'-^'''C- 


CHsO-C. ^c. 


CB, 

l/CHa 
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^CH 
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■CH2 


(XIX) Brucine 
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KMaOi 



(XXII) 


Ba(0H)2 


+H2O2 



(XXI) 


Two carbon atoms and four accompanying hydrogen atoms 
have now to be fitted in to complete the molecular structure. 
There is no doubt that these are present as — CHg—CHg — and 

CH3 


not as — 0H— . The production of tryptamine (XVII.) in- 
dicates this, and the Kuhn-Roth micro-examination of various 
strychnine derivatives gave negative results for the presence of 
a methyl group attached to carbon.^ 

^ Leuelis and Kxohnke, Ber.^ 1932, 65, 218, 980. 

This method involves oxidation with chromic acid under drastic con- 
ditions, distillation and estimation of the acetic acid produced,^ 

“ Knhn and L’Orsa, Z. migew. Cham., 1931, 44, 847 ; Kuhn and Roth, 
Bar,, 1933, 66, [B], 1274. 

® Reynolds and Robinson, J., 1934, 592. ^ 
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Tke production of tr5rptamine is also strong evidence in 
favour of the --CH2— CHg— grouping being attached to carbon 
atom 4 . The structure of strychnine (XXIII.) may now be 

completed. 


H-C 


H 

Ac- 


CH 


■2 
CH 2 


■CH2 




H.Q .CH ^CH 


H 


''N'^ 

11 5 h 

0 :C CH I 
\C^^ 0 -CH 2 
li ''H 


(XXIII) Strychnine 

The numerous products of the degradation of strychnine and its 
relatives can, on the whole, be explained on the basis of this 

structure. zvtv \ 

Brucine has been formulated as dimethoxystrychnme (XiX.). 
This is supported by the fact that on oxidation with alkalme 
permanganate it yields 4 : 5-dimethoxy-N-oxalylanthranilic acid 
(XXII.).^ When the benzene nucleus of strychnine or brucine 
L destroyed, the same degradation product has, in a number of 
instances, been isolated. For example, both strychnine and 
brucine are converted into the same acid (XXIV.) on oxidation 
with chromic acid.^ 


CH, 


-CH, 


CH, 


Stryclinine ) chromic acid HOOC. 
Brucine ) NC— C 


CH— H 
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CH CH CH, 


HgN CH C 

1" 1 

0:0 CH I 

N/T^O-CHa 

CHj 

(XXIV.) 


^ Spath and Bretschneider, Zoc. dt. ^ 

= Wielaxid and Miinster. AnncOen, 1929, 469, j 1930 480 39 ; Cortese, 
Armahn, 1929, 476, 280 ; Leuch."? el al.-Ber., 1929, 62, 2176, 2303 ; 1930, 63, 
439, 1045. 
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3. Synthetic Compoivnds related to Strychnine 

A begiiiniiig lias been made on the s^mthesis of stiychnine 
derivatives, by the preparation of the lactam of hexahydro- 
carbazole-4 : ll-pp'-dipropionic acid (XI.). This conipomid was. 
synthesized in the following way. -Ethyl 2-carbethoxyc^cfo- 
hexaiione-2-p"propionate (I.), was converted into ethyl 6-car- 
bethoxyc^ctohexanone-2-p-propionate (III.) by means of boiling 
alcoholic sodium ethoxide. This molecular rearrangement was 
evidently due to alcoholysis with the formation of the ester (II.) 
followed by ring-closure in a new position. The keto-ester 
(III.) produced was warmed with sodium in benzene and then 
refluxed wdth ethyl p-chloropropioiiate to yield ethyl 6-carb- 
ethoxycycfohexanone-2 : 6-pji' dipropionate (IV.), From this the 

CHg-CHg-COOEt CHa— CI%~COOEt COOEt 

EtOOCv I I >CH2 . 
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' (b) Esterification 
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carbethoxy group was split off by beating with hydrochloric 
acid, and the resulting acid esterified. The ester (V.) was con- 
verted into the phenylhydrazone (VL)- The alcohohc solution 
of the hydrazone was treated with dry hydrogen chloride. The 
product was then reduced by means of tin and hydrochloric 
Lid and the lactam of hexahydrocarbazole-l : ll-pp'-dipropiomc 
acid (XL) isolated.^ This change of a phenylhydrazone into a 
carbazole derivative is a variation of the Fischer indole synthesis J 
and has also been applied to the production of simpler reduced 
carbazoles.® These transformations have been explamed by 
ggamyiing that the hydrazonc (VI.) is reduced to ardhne and the 
keto-imine (VII.). Elimination of ammonia from these two 
latter compounds would lead to the substituted imine (VIII.). 
Oxidative action accompanied by ring closure would lead to the 
carbazolenine derivative (IX.). Finally, reduction with tin 
and hydrochloric acid would afford the hexahydrocarbazole 
acid (X.), which would yield the lactam (XI.) by loss of one 

^ Opensliaw and Robinson, J., 

2 Fiscber et aL, Ber., 1883, 16 , 2245 ; 1884, 17, 5o9 ; 1886, 19, I 06 /. 

^ Drechsel, J. pr. Chem,, 18*88, 38,^69. 
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mojecule of water. Tlie changes described are formulated on 
pp. 305-6. , 

This is an important synthesis as the introduction of amino 
groups at carbon atoms 3 and 16 in place of hydrogen and 
carboxyl followed by ring closure by- the elimination of one 
molecule of ammonia would lead to a compomidj which it should 
be possible to obtain from strychnine by degradation. 


CHAPTEE X . 
THE ANTHOCYANIKS 


1. Introductory 

An examination of plant pigments proves that they are, roughly, 
divisible into two classes. On the one hand are the plastid 
pigments which are in some way intimately assorted with 
the organized protoplasmic structure of the plant ; whilst on the 
other hand we have soluble pigments, existing in solution in the 
sap of cells. These soluble pigments are termed anthocyamns. , 
In view of the number and variety of the tints exhibited by 
flowers, it may appear that the term anthocyamn is a very 
loose one covering a multitude of colourmg materials whose 
only relation with each other lies in the fact that they occur 
naturaUy in the sap of plants; but resea,rch has shoTO is 
idea to be erroneous. It seems practically estabhshed that 
the separate anthocyanins contain similar nuclei, no matter 
how much they may differ in colour from one another , and 
the wide variations of tint in flowers are to be ascribed to shght 
alterations in constitution which leave the mam anthocyamn 
skeleton intact. Thus the anthocyanins may be regarded as a 
chemical class in the same way as it is customary to speak of the 

proteins, the carbohydrates, or the fats. 

Although 260 years have passed since Boyle published an 
investigation of the colour changes which take place when 
extracts from flowers are treated with acids and alkalis, it is only 
comparatively recently that much progress has been made in the 
study of the anthocyamn group.® The unstable nature of t e 
compounds and the difficulty of preparing them in a pure state 

1 A complete account of the history of the anthocyanins as well as of their 
botanical sfenifioance is to he found in Miss Wheldale’s book, The Anthocyamn 
Pigments of' Plants (1916). For briefer accounts, see Everest, Science Progress, 
Q 597 and Willstatter, .Ser., 1915, 47, 2831. -.r-nA 

s^Eobert Boyle, Experiments and Considerations Touching Colony 
» A bibliography of the Hterature is to he found in Miss Wheldale s 
Anthocyamn PigLnts of Plants, or in Perkin and Everest’s Natural Orgamc 
Colouring Matters, 
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militated against researcli in this field.' It was not until 1903 
thal, an antliocyanin was first obtained in a crystalline condition 
by Griffiths.^ 

„ The next important stage in the history of the subject is 
marked by Grafe’s discovery ^ that certain of the anthocyanins 
occurred in plants in the form of glucosides. 

Meanwhile, on the botanical side of the problem a consider- 
able amount of work had been carried out, chiefly dealing with 
the mode of formation of the anthocyanins in plants. Miss 
MTieldale ^ first suggested that anthocyanins might be formed 
from glucosides in the flavone or xanthone series by the action 
of oxidases ; she indicated ^ that there are a certain number of 
anthocyanin types which give rise to a definite series of colour 
varieties.^ 

Having now surveyed the outlines of the anthocyanins’ 
history from the chemical standpoint, it will be convenient, in 
the remainder of this chapter, to abandon the chronological 
method and deal with the present-day work in an order which 
will render the subject more readily comprehensible. 

2. The Methods of Extracting the Pigments from Flowers 

The choice of a suitable raw material from which to extract 
flower pigments is the first step which must be taken ; and 
here two alternatives present themselves, for either fresh flowers 
or dried petals might be selected as the best source of the required 
pioduct. The anthocyanins, under certain conditions, are 
unstable substances; and from this point of view it might be 
thought best to work up fresh flowers rather than to risk the 
chance of decomposition taking place during the drying process. 
As against this, there are certain practical arguments. In the 
first place, plants are in flower only during a short period of the 
year and in certain definite localities ; so that the choice of fresh 
flowers as a source of anthocyanins would entail the necessity 
of carrying out the extraction of the pigment at fixed times and 

1 Griffiths, CUm. News, 1904, 89, 249 ; JJer., 1903, 36, 3959. 

2 Grafe, Sitzber. k, Alcad. Wien, 1906, 115, I., 975 ; 1909, 118, I., 1033 ; 
1911, 120,1., 765. 

® Wheidale, Proo, PML Soc. Camb., 1909, 15, 137. 

Wheidale, Proc. Boy, Soc,, 1909, 81, [B], 44. 

^ Xierenstein and Wheidale, Ber,, 1911, 44, 3487. 
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places, and would demand the simultaneous collection of a very 
large number of flowers if any great quantity of raw material 
were required. Secondly, in fresh flowers the plant enzymes 
are still active, and their influence might make itself dmgreeably 
marked in the course of the extraction. The sub^itutmn of drie 
petals for fresh flowers obviates both these difficulties but on 
the other hand there is the possibility of a loss of an^ocyanin 
owing to decomposition during the process of drjnng. Balancing 
one set of disadvantages against the other, it is found in practice 
better to employ the dried material than to use fresh floweis , 
and the extraction is generally carried out by using finely groun 

The solvent chosen for the removal of the pigment from 
the petals of flowers or the skins of berries varies, of course, 
accor^iing to the nature of the anthocyanin present Water 
alone suffices to dissolve the colouring material of the corn- 
flower 1 ; hydrochloric acid in methyl alcohol solution is used 
for the rose,2 the hollyhock,® the mallow, ^ the peony,® and the 
bilberry ® ; dilute alcobol is employed to remove tbe pigmen s 
from the larkspur^ and the scarlet pelargonium®; whiM 
acetic acid is found to be the best solvent in the cases of the 

grape ® and whortleberry.’^® , . v 

After the pigment has been obtained in solution it may be 

purified by one of three main methods 

1. Precipitation and crystallization of the chloride. 

2 Purification by suitable reagents and crystallization of 


the chloride. 

3. Separation in the form of a picrate and subsequent con- 
version into the chloride. 

Under the first head come such cases as the precipitation of the 
chloride from alcoholic solution by means of ether. Examples 

^ Willstatter and Everest, Annalen, 1913, 401, 189. 

- Willstatter and Nolan, A7inalenf 1915, 408, 1. 

3 Wilstatter and Martin, AnnaUn, 1915, 408, 110. 

^ Willstatter andMieg, Amialm, 1915, 408, 122. 

^ Willstatter and Nolan, Annalm, l%l^, 408, 136. 

6 Willstatter and ZoUinger, Annalen, 1915, 408, 86. 

’ Willstatter and Mieg, 1915, 408, 61. 

« Willstatter and Bolton, AnnaUn, 1915, 408, 42. 

9 Willstatter and Zollinger, Annalen, 1915j, 408, 86^. 

Willstatter and Mallison, AnnaUn, 1915, 408, 15. 

Ibid,, 1915, 408, 160. 
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of tlie second category are to be found in tbe preparation of tlie 
cornflower pigment, whicli occurs as an alkali salt and can 
be purified by precipitating its aqueous solution with alcohol ; 
and ill the purification of the larkspur anthocyanin by heating 
it vvith dilute hydrochloric acid. In the picrate method the 
picrate is formed in the usual manner, purified, and then decom- 
posed by a concentrated solution of hydrochloric acid in methyl 
alcohol. 

3. The Constitutions of Cyanin mid Gyanidin 

The pigment extracted from the cornflower is termed cyanin ; 
and it is generally prepared in the form of its chloride, which 
is found to have the composition C 27 H 3 xOi 5 CL^ When this 
substance is heated for a few minutes with 20 per cent, hydro- 
chloric acid, it is hydrolysed, yielding two molecules of glucose 
and one molecule of a crystalline substance which has been 
named cyanidin chloride ^ : 

+ 2 H 2 O = C,5H,AC1 + 20eH,20, 

Cyanin chloride. Cyanidin chloride. Glucose. 

This reaction proves that cyanin is a diglucoside of the new 
body, cyanidin ; and, since glucose is colourless and cyanidin 
is coloured, this cyanidin forms the chromophoric portion of 
the pigment molecule. 

The general structure of cyanidin has been established by 
its synthesis from quercetin,^ and it may be well to give the 
complete synthetic process here, in order to show hovr cyanidin 
can actually be prepared from purely artificial materials. 

In the Kostanecki synthesis ^ of quercetin (see scheme on 
p. 312), 2-hydroxy-4 : 6-dimethoxy-acetophenone (I.) is con- 
densed with dimethoxyprotocatechuic aldehyde (II.) yielding 
2'-hydroxy-4:' : 6' : 3 : 4-tetramethoxychalkone (III.). On heat- 
ing this for twenty-four hours with dilute hydrochloric acid, 
1 : 3 , : 3' : 4'-tetramethoxyflavonone (IV.) is produced. Treat- 
ment of this with amyl nitrite and hydrochloric acid converts 

^ Wilistatter and Nolan, 1914 408, 1. 

Willstatter and Everest, 1913, 404, 1. 

From this is derived the class-name anthocyanidins to indicate the non- 
glucosidal portions of the anthocyanins. 

® WiUstatter and MalHson, Jl. Berlin, 1914, 769. 

^ Kostanecki and Tambor, Ber., 1904, 37, 793 ; Kostanecki, Lampe, and 
Tambor, 1402. 
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it into the corresponding isonitroso-coinpound (V.), the methy- 
lene gronp next the carbonyl being attacked in the usual way. 
Hydrolysis of the isonitroso-compound splits off hydroxylamine 
leaving'a ketone (VI.) ; after which isomerization occurs by the 
production of the enolic form, resultmg in the productmn of 
1:3; 3' ; 4'-tetramethoxyflavonol (VII.), which omdemetnyla- 
tion with hydriodic acid yields quercetin (VIII.)- when 
quercetin is reduced with sodium amalgam or magnesium in 
icoholic solution containing hydrochloric acid and mercuiy, 
cvanidin chloride is formed, though the yield is very small. 
Apparently the reaction inyolves the formation of an inter- 
mediate product (IX.), which then loses a molecule of water, as 
shown in the scheme. 



OCH,, 




Intermediate product (XX) 
pH 


Cy^nidin cKloride (Xl 
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Another ■ synthesis has been, devised by Robertson siifl 
RobinsonA 

All examination of the formula ascribed to cyaiiidin chloride 


01 


OH 


HO, 


0 . 



I '1 

OH H 


will show that it contains a peculiar heterocyclic nucleus : the 
pyrylium system which was discovered by' Decker, and Feb 
lenberg/^ The reason for assuming that this grouping is 
present lies in the consideration of the basic nature of the 
cyanidin molecule. Most of the oxonium salts, those of di- 
niethylpyrone, for example, are susceptible to hydrolysis in 
aqueous solution ; which points to the ordinary oxoiiium com- 
plex being weakly basic. Pyrylium compounds, on the other 
hand, are much more stable in solution than the commoner 
oxonium derivatives ; and the behaviour of the cyanin salts 
in this .respect,., tends to,,: prove that .they; /resemble; .pyrylium 
derivatives rather than such compounds as dimethylpyrone 
hydrochloride. The analysis of the cyanin salts also indicates that 
they are not akin to the normal oxonium hydrochloride, as they 
contain too little hydrogen to correspond with such a structure. 
On these grounds the pyrylium formula has been proposed. 

On the other hand evidence has been brought forward that 
the anthocyanins exist as carbonium compounds and that carbon 
atom 2 or 4 is the seat of ionization.® The structures are 




/C-H 
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^ Robertson and Robinson, J., 1928, 1526. 

2 Decker and Rellenberg, Amialen, 1908, 364, L 

3 Dilthey el al, J. pr. Ghem., 1931, 131, 1 ; 1933, ISS, 42 ; Hill, J., 1935, 
S5 ; HiU and Melhnisb, ibid.^ 1161. 
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To bring all tbe relevant evidence into agreement it has been 
suggested that the salts may tautomerize or resonate between 
these two forms. ^ 

4. The Properties of Cyanin and Gyanidin Chlorides 

The chloride of cyanin, when prepared in the usual manner, 
contains two and a half molecules of water of crystallization. 
Under the microscope, its rhombic leaflets appear tinted be- 
tween grey- violet and brownish-yellow. In dilute solutions 
of sulphuric acid it appears red with a tinge of violet. It 
is very slightly soluble in cold water, alcohol, or dilute sul- 
phuric acid ; but is easily soluble in hot water and moderately 
soluble in 7 per cent. acid. When sodium carbonate is added 
to its solution, the colour becomes first violet and then blue. 
Its behaviour when its aqueous solutions are diluted is peculiar. 
The colour of the solution weakens much more rapidly than 
might be anticipated and the solution may eventually become 
colourless. The tint of the anthocyanin can be restored either 
by evaporating the solution or by adding a large excess of acid. 
It therefore seems reasonable to suppose that the case is one 
of hydrolytic dissociation accompanied by intramolecular re- 
arrangement. With ferric chloride, cyanin gives a blue tint 
in alcoholic solutions and a violet tinge in aqueous solutions ^ ; 
whilst with lead acetate it gives a characteristic lead salt.^ 

Turning now to cyanidin, it is found to crystallize with 
one molecule of water, which is retained with extraordinary 
tenacity. It is a brownish-red substance giving, when dis- 
solved in dilute acids or alcohol, a red solution with a tinge 
of violet. Insoluble in water, it is readily soluble in alcohols ; 
very slightly soluble in dilute hydrochloric acid but compara- 
tively soluble in 7 per cent, sulphuric acid. With sodium car- 
bonate it gives the same colour change as cyanin, turning first 
to blue and then to violet. The hydrolytic dissooiation of 
cyanidin is much more marked than that of its parent antho- 
cyanin ; for when hot water is added to its alcoholic solution 
a violet precipitate is produced. The reaction with ferric 
chloride is slightly different also ; for in alcohol a stable blue 

^ Shriner and Moffett, J. Anier, Ckem. Soc., 1939, 61, 1474 ; 1940, 62, 
2711; 1941,63, 1694. 

® Wiiistatter and Mi&g, Anmlen, 1915, 408, 124. 

® Wiiistatter and Everest, Anmlen, 1913, 401, 225. 
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coloration is produced by cyanidin ; wbereas in aqueous alcoholic 
soliltion only an unstable violet tint is observed.^ As in the case 
of cyanin, lead acetate yields a characteristic salt of cyanidin.- 
The nature of the colourless modifications which are obtained 
by hydrolytic dissociation from both cyanin and cyanidin is 
not very clearly understood. In the case of cyanin chloride, 
it is found® that decolorization takes place when the chloride 
is heated for a short time in dilute alcohol at 80"^ C. The de- 
colorized substance has properties resembling those of a yelloAv 
flavonol pigment ; it is soluble in ether ; colourless in acid 
solution, yellow in alkaline solution ; from acid solutions it can 
be extracted with ether, from which it can be removed by shaking 
with alkali. On boiling with acids the colourless variety is 
reconverted into the ordinary coloured cyanidin salt, 

Everest ^ suggests that cyanin chloride exists in solution as 
an equilibrium mixture of (I.) and (II.), and that one set of 
conditions favours the stability of (I.), whilst under other con- 
ditions (II.) is the more stable form. 

Cl OH 
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OH HO H . (11.) 

Colourless. 


^ Wilstatter and Mieg, Annalen, 1915, 408,125. 

- Willstatter and Everest, Annalen, 1913, 401, 229. 

" Everest, Proc, Poy. 80c., 1914, 87, [B], 444. 

^ Everest, Proc. Boy. Boc., 1914, 87, [B], 444. 

^ The glucose molecules are omitted from the formula. 
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A distinction between antbocyanins and tbe corresponding 
antbocyanidins is found in the fact that amyl alcohol does not 
extract the former from acid solutions ; but if the solution be 
heated so as to hydrolyse the anthocyanins to anthocyanidin, 
the latter passes into amyl alcohol readily.^ 

5. The Synthesis of Pelargonidin 

The flowers of the scarlet perlargoniiim are found to contain 
an anthocyanin which has been named pelargoniii. This sub- 
stance when isolated in the form of its chloride is sho^m to have 
the composition and to contain, in addition, four 

molecules of water of crystallization. 

On hydrolysis it proves to be a glucoside, and yields two 
molecules of glucose and one molecule of a substance pelar- 
gonidin chloride, akin to cyanidin chloride, and having the 
composition CxsHiiOgCl with one molecule of water of crystal- 
lization. 

Pelargonidin ^ has been synthesized in the following manner : 
3:5: 7-trimethoxycoumarin (L) is allowed to interact with 
magnesium anisyl bromide (II.). When the intermediate 
compound (III.) is hydrolysed with hydrochloric acid it yields 
anisyltrimethoxyphenopyrylium chloride (IV,), which, after 
demethylation with hydriodic acid and treatment with hydro- 
chloric acid, produces a substance (V.), indistinguishable 
chemically or spectroscopically from natural pelargonidin : 



^ Willstatter and Everest, Annahn, 1913, 401, 205. 

2 Willstatter and Zechmeister, Sitz'imgsher. K, Alcad. Wiss, Berlin, 1914, 
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Another sjnithesis lias been devised by Eobertson, Eobiiison, and 
'Su^nrad- ' 

6. The Constitutions of DelpMnin mid Deljphinidin 

The antliocyaiiin of the larkspur is termed delphiiiin ^ and 
with it a slightly more complex field is entered. A glance at 
the formula of delphinin chloride: C4iHg902iCl, shows that it 
has a molecular weight of 902 as compared with 646 for cyanin 
chloride ; so it is evident that the former substance must contain 
some heavy radicle in addition to those found in cyanin or 
pelargonin. 

Hydrolysis of delphinin proves the correctness of this. In 
addition to the products which might be expected (glucose and 
delphinidin) two molecules of p-hydroxybenzoic acid make 
their appearance; so that the ecjuation for the reaction may 
be written thus — 

C41H30O21OI -h 4H2O = 2C6 Hi A + 2HO.C6H4.COOH + CisHiiO^Cl 

Delphinin cMoride. Glucose. jp-Hydroxybenzoic Delphinidin 

acid. chloride. 

It appears from this that delphinin, like the other anthocyanins, 
is a glucoside ; but that two of its hydroxyl radicles are esteri- 
fied with p-hydroxybenzoic acid. Which of the hydroxyl 
groups are thus affected is not known definitely ; but by analogy 
with populin (benzoylsalicin) it is assumed that the benzoylation 
takes place in the glucose chain and not in the delphinidin 
portion of the molecule. 

The next stage in the deduction of delphinin’s constitution 
is made by comparing the formulae of pelargonidin, cyanidin, 
and delphinidin chlorides 

Pelargonidin chloride CisHiiOgCi or G3^5H70C1(0H)4 

Cyanidin chloride or Cx5HqOC1(OH)5 

Delphinidin chloride C15H11O7CI or CigHsOO^OH)^ 

The comparison suggests that, the difference between cyanidin 
and delphinidin may lie in the presence of an extra hydroxyl 
group in the delphinidin molecule. 

Confirmation of this view is obtained when the results of 
heating the three compounds with alkali are considered. All 

^ Hobertsoa, Eobinson, and Sugiura, J., 1928, 1533. 

2 Wilstatter and Mieg, An^iaten^ 1915, 408, 61. 
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This substance is condensed with acetylated derivatives of 
substituted oi-hydroxy-acetophenones by the use of hydrogen 
chloride in ethyl acetate (or alcoholic ethyl acetate) solution ; 
and the acetyl groups are removed by hydrolysis. The sub- 
stances are then hydrolysed with aqueous-alcoholic sodium 
hydroxide to remove the benzoyl radicle ; and the anthocyanidins 
are produced by a final treatment with hydrochloric acid. 

One example of the system will suffice. By condensing 
2-benzoyloxy-4 : 6-dihydroxy-benzaldehyde (L), with co-4-di- 
acetoxy-methoxy-acetophenone, (II.), the reaction yields 5-0- 
benzoyl-peonidin chloride (III,). Alkaline hydrolysis removes 
the benzoyl group and simultaneously opens the pyryliiim ring, 
yielding (IV.). Finally, by means of hydrochloric acid, the ring 
is reclosed, and peonidin chloride, (V.), is obtained. 


HO 


I 

'^VNcho 

Bz.O 

(I-) 


co- 


+ 


A. X 


OMe 
^ OAe 


CH^OAc 


(11.) 


HOi 


Cl 

I OMe 

/V°''C 


.O.OH 


Bz.O 


Off 


(III.) 


HOi 
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H.O ^ 
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CO / d>OH 
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i.OH 
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(V.) Peonidin cMoi'ide. 

By selecting the appropriate derivative of acetophenone, this 
method can be applied to the synthesis of various ahthocyanidinsd 
Thus «-3 : 4-triacetoxy-acetophenone yields cyanidin chloride; 
and o>4-diacetoxy-acetophenone gives pelargonidin chloride. 
Malvidin chloride (syringidin chloride), which occurs naturally 
in the flowers of the wild mallow, has been produced by using 
co-acetoxy-4-benzyloxy-3 : 5-dimethosy-acetophenone : — 

Cl 

I OMe 

v/\/°\ /' 


HO 


OH 


A 


'^OH 


\= 


-OH 


OMe 




Malvidin chloride. 

An actual synthesis ^ o£ a flower pigment was first accom- 
plished in the case of callistephin chloride, which is derived 
from the summer aster.^ By acting on a mixture of cc-hydroxy- 
4-aGetoxy-acetophenone and 0-tetra-acetyl-a-glucosidyl bromide'^ 
with dry silver carbonate in benzene solution, oa-G-tetra-acetyl-p- 
glucosidoxy-4-acetoxy-acetophenone was obtained : — ■ 

( Ac0)4 . G,IL , . 0 . CHg . CO . . 0 Ac 

When condensed with O-benzoyl-phloroglucin-aldehyde, it 
yielded S-O-tetra-acetyl-p-glucosidoxy-T -hydroxy-5-benzoyloxy~ 

1 Bobinson and others, 1928, 1526, 1533, 1537, 1541 ; 1930, 793. 

- Robertson and Robinson, J”., 1926, 1713 ; 1927, 242, 1710. 

® Wiilstatter and Burdick, Annalen, 1916, 412, 149. 

Note. — The a-sign here does not refer to a relationship to a-glucose, but 
indicates that this one of two isomers has the greater dextrorotation. This 
compound, in fact, has the same configuration as p-glucose and no Walden 
inversion has occurred during the formation of the p-glucosidoxy-derivative.* 

^ Hudson, J, Amer. Chem. Soc.^ 1909, 31, 66. 
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4'-acetoxy-flav}4ium cliloride (A); from which callistepliia 
chloride (B) was obtained by hydrolysis with aqueous alkali 
and subsequent treatment with acid. 

Cl Gi 


E0| 


0 . 


OAc 


BzO 


\ / 

^0~CcH7.(0Ac), 
(A.) 



(B) Callistepliin chloride. 


8. The Synthesis of an Anthocyanin 


The chemistry of the anthocyanins was taken a stage further 
when the digiucosides, malvin, hirsutin, cyanin, peonin and 
pelargonin chlorides were synthesized and shown to be identical 
with the substances from natural sources. The synthesis of 
• pelargonin chloride may be taken to illustrate the methods 
employed, and constitutes a great improvement on the older 
processes. Phloroglucinaidehyde (VI.) and 0-tetra-acetyl-cc- 
glucosidyl bromide (VII, ) were dissolved in acetone and cooled 
in ice. To this solution aqueous potassium hydroxide was 
added in small portions with vigorous shaking. After the 
partial elimination of impurities the monoglucosidic and di- 
glucosidic substances were separated by treatment of the ether 
solution with sodium carbonate solution. The alkaline extract 
of the monoglucoside was acidified with hydrochloric acid and 
the whole extracted with ether. The soKd finally obtained by 
repeated fractional crystallization from methyl alcohol yielded 
2~0-monoacetyl-p-glucosidylphloroglucinaldehyde (VIII.) and the 
2-0“tetra-acetyl-derivative, three acetyl groups having been 
removed from the former by hydrolysis during the operations. 
The other compound required, 6)-0”tetra-acetyl-P“glucosidoxy-4- 
acetoxyacetophenone (X.), was prepared from o)“hydroxy-4-acet- 
oxyacetophenone (IX.) and 0-tetra-acetyl-a-glucosidyl bromide 
by condensation in anhydrous benzene. The aldehyde (VIII.) 
and acetophenone (X.) derivatives were then dissolved in ethyl 
acetate and saturated with dry hydrogen chloride at 0"^ C. The 
fia^^'iium salt (XL) formed was isolated and dissolved in sodium 
’'hydroxide solution. After stan^iing for a time the alkaline 
voL. 11. ^ Y 
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solution was acidified with hydrochloric acid. Pelargonin chloride 
(XII.) crystallized out and proved to be identical with the natural 
substance. 1 The structures may be represented as follows 



(VI) OH 

+ 

(VII) (CH3C00-)4C6H70Br 



CH3CO-0-C6Hio04-0 

(VIII) 


HOCHgCO 



0 CO-CHs 

(IX) 


(CH3C0-0)4-C6H70Br 



HCl 

■ 


CO 
i 

CHa 

C)-C6H70(0-C0-CH3)4 

(X) 


CO-CHs 



GH3COO-C6HioO,4 0 



^ , 0-C0-CH3 

h-0 

C6H70(0:C0-CH3)4 

koH 


CsHiiOsO 



CfiHiiOj'O 


H OeHiiOs 


(XII) 


^ RobinsoB and Todd, J., 1932, 2293, 2299, 2488. 
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^ 9. Other Anthocyanins 

Mention must now be made of some other plant pigments 
wbicb contain tlie skeletons we have already described. 

In the summer aster occurs an anthocyanin asterin, which 
hydrolyses into cyanidin and glucose.^ 

The anthocyanin of the winter aster is chrysanthemin, 
derived from glucose and cyanidin. Cyanidin also forms the 
foundation for the colours of Zinnia elegans, GaillarcUa bicolor, 
Helenium autumnale, Gladiolus Tulipa Gesneriana, Tropmolum 
majus, Rubes rubrum, the raspberry, and the berry of the moun- 
tain ash.^ The cherry contains keracyanin, built up from 
cyanidin, glucose, and rhamnose ; whilst the sloe owes its 
colour to prunicyanin, which is formed from cyanidin, rhamnose, 
and some as yet unidentified hexose.® The plum also contains 
a cyanidin glucoside.® 

Peonin, the anthocyanin of the peony, belongs to the cyanidin 
series.^ It is a diglucoside of peonidin. Another cyanidin 
derivative is idaein,^ the anthocyanin of the whortleberry. It 
differs from the usual type of anthocyanin in that it is a galacto- 
side and not a glucoside. 

The poppy ® contains two anthocyanins, one of them, meco- 
cyanin, being a cyanidin derivative, whilst the other resembles 
the glucosides of delphinidin. 

Turning to delphinidin derivatives, it is found that the pansy 
owes its colour to the anthocyanin violanin,'^ which on hydrolysis 
yields delphinidin, rhamnose, and some as yet unidentified 
hexose, though these three products do not occur in equimole- 
cular quantities in the reaction mixture. Monomethyl ethers 
of delphinidin are found in myrtillin,® the anthocyanin of bil- 
berries, and petunin,® the anthocyanin of petunias. A dimethyl 
ether of delphinidin has been isolated from oenin,^® the antho- 
cyanin of grapes. 

^ Wiilstatter and Burdick, Annaleji, 1916, 412, 149. 

- Wiilstatter and Bolton, Annalen, 1916, 412, 136. 

^ Wiilstatter and Zollinger, Annalen, 1916, 412, 164, 

^ Wiilstatter and Nolan, Annalen, 1915, 408, 136. 

^ Wiilstatter and Mallison, Annalen, 1915, 408, 15. 

® Wiilstatter and Weil, Annalen, 1916, 412, 231. 

"• Wiilstatter and Weil, Annalen, 1919, 412, 178. 

® W^iilstatter and Zollinger, Annalen, 408, 83. 

Wiilstatter and Burdick, Annalen, 1916, 412, 217. 

Wiilstatter and ZoUinger, Annalen, 1915, 408, 83. 
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Finally, mention may be made of a glucoside ampelosm, 
wMcb occurs in tbe wild vine. Its constitution bas not yet 
been determined. 


10. TTie Anthocyanins and the Flavones 

It mav be of interest to point out the similarity in structure 
wMcb can be traced between tbe flower pigments and tbe natural 
dyes occurring in plants ; for tbe close resemblance m tbe 
sMetons of tbe two classes may throw light in the future upon 
tbe mode in which both types are built up witbm tbe organism. 
Such a similarity can hardly be regarded as due to inere chance. 

Taking kampberol as a flavone representative, and comparing 
it with pelargonidin chloride as a tj^pical example of tbe 
anthocyanins, it will be seen that they bear a striking resemblance 
to one another in general structure ; 




C— OH 



OH 


Kamplierol. 

01 


”V 


-OH 


0 


-X” V— OH 


O—OH 


HO 


OH 

Pelargonidin chloride. 

The only difference between them is to be found in the betero- 
cycHo nucleus ; the one is a true pyrone, whilst the other con- 
tains a — 0H= group instead of the carbonyl radicle ; ^ and its 
structure is therefore more benzenoid in character. This differ- 
ence is, of course, exhibited in their salts ; the kampberol salts, 
being derived from a true pyrone, are easily hydrolysed even m 
the sap of plants ; whilst the salts of anthocyanins are sufficiently 
stable to exist without decomposition in the vegetable structure. 
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Compounds analogous to the anthocyanins have been 
synthesized,^ by using the Perldn-Eobinson ^ method for the 
synthesis of pyrylium salts from o-hydroxybeiizaldehyde and 
compounds containing the — CHg.CO — group. 

11. The Origin of Colour Variation in Plants 

In view of the strong family resemblance between the various 
plant pigments, it may be interesting to indicate the manner 
in which such closely related compounds might give rise to such 
gradations of tint as are shown in the flowers. 

An examination of the structure of pelargonidin (I.) will show 
that it is capable of yielding various types of derivatives : metallic 
salts like (II. )? oxonium salts like (III.), and internal ethers 
like (IV.):— 

OH 


HO 


0 


(I) 


(II) 


I ^ 

.C— OH 


OH 


CK 


ONa 


HaO- 




'V 


\/\oh/ 


,0— ONa 


ONa 


HO- 


(III.) 


\/\ch/ 


OH 


ONa 


01 
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^ Pratt and Robinso^i, J.y 1922 , 121 , 1577 . 
^ Perkin and Bobinson, P., 1807 , 19 , 149 . 
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0 - 


0 


\r 


(W.) 




~v 

C.OH 


_^_0H 


OH 


The importance of metallic derivatives of the anthocyanins 
has been emphasized by some work on the subject.^ Eeduction 
of a davone derivative by means of a metal and a mineral acid 
leads to a production of a red compound ; but when magnesium 
and an organic acid such as acetic acid are employed in presence 
of mercury, the colour of the product is found to diverge from 
the normal red tint. Thus when myricetin (I.) is reduced in 
this way, it yields green compounds which have the composition 
GisHiiOg.Mg.OAc, [Mg(0Ac)2]. The reaction apparently pro- 
ceeds in stages. In the first stage, the phenopyrylium derivative 
(IL) is formed; which then passes by elimination of acetic 
acid into (III.), which finally unites with magnesium acetate 
to produce (IV.). 
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^ SMbata, Sbibata and Kasiwagi, J. Amer, Soc.^ 1919, 41, 208 ; compare 
Karrer and Widmer, Helv, Ohim, Acta, 1927, 10, 729. 
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Mg.OAc 
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If, instead of myricetin itself, a rhamnoside derivative, 
myricitrin, is used, tlie resulting product is a deep blue substance 
containing four molecules of magnesium acetate. 

The difference between the reaction-products when mineral 
and organic acids are employed has been traced to the fact 
that the radicle —Mg. Cl is replaced by a chlorine atom if hydro- 
chloric acid is present in quantity ; so that the end-product is 
the red oxonium chloride. 

Basing themselves upon these results, Shibata, Shibata and 
Kasiwagi suggested that metallic complex salts of the type 


MX 


0 


(Sugar) 


\ 


'V 



[MXJ 


OH 


are important factors in flower coloration and give rise to the 
“ blue ” anthocyanins. The metallic atoms which they contain 
(indicated by M in the formula) are probably calcium and magne- 
sium. The “ violet ” and “ red ” pigments are assumed to be 
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complex salts containing fewer Lydroxyl gronps tlian tlie '' bine ’’’ 
ones ; or to be mixtures of the '' blue compounds with a ceftain 
quantity of tbe red oxonium salts which have been formed from 
the blue ” derivatives by decomposition with acids. 

The existence of these various types would be conditioned 
by the nature of the sap in the neighbourhood of the pigment ; 
and as the sap must obviously be more highly concentrated 
the nearer we go to the evaporating surface of the petals, it 
is evident that variations in the structure of the pigment must 
be expected. Again, the sap in certain parts of the plant may 
be more alkaline than in others ; and as the cyanidins are 
indicators, it is clear that their tint will be affected by this 
factor also. 


% 


CHAPTER XI 

THE DEPSIDES AHD TAIMIXS 
A. — ^Historical 

Gall-nuts contain, in proportions varying up to 50 per cent., 
a material termed tannin, wMch can be extracted from the 
powdered nuts by means of organic solvents. Obtained in this 
way, it is a colourless, amorphous substance with an astringent 
taste. It is easily soluble in water, slightly soluble in alcohol, 
and almost insoluble in ether. From its aqueous solutions it is 
precipitated by mineral acids, common salt, or gelatine; and 
it can be removed from water by dipping animal membranes 
into the solution. It is optically active, and has an electrical 
conductivity, though of a low degree. With ferric chloride it 
produces a blue coloration, which is utilized in the manufacture 
of certain inks. On treatment with dilute acids, it gives a 
large yield of gallic acid, (HO)3CeH2.COOH. 

As a result of extensive researches carried out in the middle 
of last century, Strecker ^ came to the conclusion that tannin 
was a compound containing three gallic acid nuclei and one 
glucose nucleus ; and on these assumptions tannin would have 
the formula, O27H22O17. The glucose portion of the molecule 
would account for the optical activity of tannin ; whilst the 
presence of the gallic acid nuclei would explain the detection 
of this acid among the tannin hydrolysis products. 

At a later date, the dehydration of gallic acid was attained 
by means of silver nitrate, arsenic acid,^ and phosphorus oxy- 
chloride ; ^ and the product was found to be a substance termed 
digallic acid, which is produced by the carboxyl group of one 
gallic acid molecule becoming esterified by a hydroxyl group 
belonging to a second gallic acid molecule : 

(H 0 ) 3 CeH 2 --C 0 --- 0 — CeH2(OH)2— COOH 

^ Strecker, 1852, 81, 248 ; 1854, 90,328. 

^ Lowe, Jahresberichtf, Ghemie^ 1867, 446 ; 1868, 559. 

3 Scliiff, Ber,, 1871, 4, 232, 967 ; 1879, 12, 33 ; Annakn, 1873, 170, 143. 
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ScMff believed that tbis substance, vrith tbe simple formula 
Ci^RiqO^, was actually a synthetic form of tannin. This 
structure, of course, left out of account the optical rotatory 
power of natural tannin ; but it must be borne in mind that at 
that date the analyses which had been made of tannin showed 
very marked differences in the percentage of sugar detected ; and, 
in view of the amorphous character of the material, it seemed 
quite possible that the optically active substance was merely a 
variable impurity in the tannin preparations and not an in- 
dispensable constituent. 

This conception of tannin lasted almost unchallenged for 
a quarter of a century ; but in 1897, Walden ^ made a comparison 
between the properties of digallic acid and natural tannin, 
which proved beyond doubt that the two materials differed in 
absorption spectra, electrical conductivity, and behaviour to- 
wards arsenic acid. Attempts were made to resuscitate the 
digallic acid formula by assuming that natural tannin was a 
mixture of digallic acid with some other tannin-like material 
(leuco-tannin) possessing optical activity ; but they are of no 
importance at the present day. 

Thus in the early years of the present century, our knowledge 
of the tannin constitution was hardly more exact than it had 
been fifty years before. In the standard textbooks, the refer- 
ences to the subject, vague as they were, dealt with the material 
as a mixture.^ The analytical method of investigation had 
failed to clear up the subject or even to settle whether tannin 
should be regarded as optically active ;per ^se. But now a new 
figure came upon the scene. Once again Emil Fischer was 
preparing his synthetic weapons for the attack upon yet another 
group of the naturally occurring compounds ; and, for the last 
time, he was to bring clarity into a perplexing problem. 

By the year 1906, Fischer’s interest in the polypeptides 
was fading out. He had laid the foundations of the subject 
firmly enough for other men to build upon ; and it was time to 
turn his mind to some other field. For two years he was attracted 
by the problem of the Walden Inversion, which had come to 
his notice in connection with his researches upon the amino- 
acids ; but this was, to him, merely an interlude between his 

1 Walden, Ber., 1897, 30, 3151 ; 1898, 31, 3167. 

^ See, inier alia, Richter, Organische Chemie, voL ii„ p. 333 {1913). 
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self-appointed tasks in the great division of the natural products. 
He was already looking round him in search of a fresh field, 
when an investigation carried out in his own laboratory set 
bim on the track for which he was seeking. 

In the preparation of glycyl-tyrosyl-glycine, it had been 
necessary to obtain chloracetyl-tyxosine : 

COOH 

HO^ CH3— CH~NH— CO— CH.2 . Cl 

and then convert this into the acyl chloride. Now phosphorus 
chloride had the disadvantage that it affected not only the carb- 
oxyl group but the phenolic hydroxyl radicle as well. Fischer 
therefore sought for some means of protecting the hydroxyl 
radicle by introducing a group which could be easily eliminated 
at a later stage in the synthesis ; and this protective agent he 
discovered in the carbomethoxy radicle. By acting on phenols 
with chloroformic methyl ester, the phenolic hydrogen atom 
can be replaced by the group — OOOCH3 ; and, when it is 
necessary, the hydroxyl group cain be regenerated by a mild 
hydrolytic action : 

CeH^— OH + CI.COOCH3 = CeHs— 0 — COOCH3 + HCl 
CeHs-^O— COOGH3 + H^O = CgHs-^OH + COg + CH3OH 
It will be recalled that Fischer had already, in his polypeptide 
syntheses, utilized chloroformic ester in the protection of amino- 
groups ; but he had to abandon its use on account of the fact 
that the — COOEt group could not be split off again in order to 
regenerate the original amino-radicle. This difficulty, obviously, 
does not make its appearance in the case of the phenols. 

Tyrosine, with its reactive carboxyl radicle and its protect- 
able hydroxyl group, gave Fischer the clue for which he had been 
searching. The polypeptide investigations had impressed on 
his mind the manner in which natural products may be built 
up by linking together in a chain a series of molecules, each of 
which contains an acidic and a basic radicle. Now, in the 
hydroxy-benzoic acids, he glimpsed the possibility of a fresh 
series of chain-compounds obtained by esterifying the carboxyl 
group of one acid molecule with the hydroxyl group belonging 
to a second ring : 

HO— OeH^— CO— 0 — COOH 

■ ' ■ * 
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The occurrence of digallic acid in the decoinposition products 
of tannin showed that chains of this description actually'^did 
occur in nature. Fischer had found his new subject for investiga- 
tion. ; and, as was his custom, he set about developing it in the 
broadest manner from the synthetic side. 

The work mentioned. in the' foregoing account of the develop- 
ment of the subject ' was concerned , with the depside type of 
tannin. In addition to the depside or hydrolysable tannins 
there is another group of materials characterized by their re- 
sistance to hydrolysis. In this latter group the phlobataniiins 
are the most important members, and work on these substances 
has to a great extent centred round the catechins and allied 
synthetic compounds. 

■ B.— The Nature of ' the Depsides'^ ' 

As so often happened ' with Fischer's vast and intricate 
researches, his entry into a fresh field soon demanded the devising 
of a special nomenclature ^ for the compounds which Ms in- 
genuity evolved. Since the substances undoubtedly had a 
kinship with tannin, Fischer coined the term depsids (from 
to tan) as a class-name for the whole group. The word had the 
additional advantage of a likeness to “ peptide " ; and thus 
carried with it a suggestion of the similarity in the catenarian 
construction of the two types of compound. The remainder of 
the nomenclature followed on the lines of the polysaccharides 
and the polypeptides, being based upon the number of hydroxy- 
acid radicles united in the chain. When two hydroxy-acid 
radicles are coupled together, the compound is a didepside. 
Three coupled radicles compose a tridepside chain ; and four 
radicles, when united, make a The following 

formula will make the matter clear, as the dotted lines show the 
division between the radicles. The depsides chosen are assumed 
to be derived from a hydroxy-benzoic 'acid, HO. O0ll4,.'0OOH.' 

^ Fischer’s collected papers in this branch of chemistry have been republished 
under the title Untermchujigen uber Depside nnd Oerbstoffe (1919). A summary 
of his work is to be found in his two lectures on the subject (Rsf., 1913, 46, 
3253 ; 1919, 52, 809). The personal side of the matter is very well treated in 
Hoesch’s Emil Fischer : Sein Leben und sein Werk (1921). 

® Fischer and Freudenberg, 1910, 372, 32. 


THE DEPSIDES AND TANNINS 


333 


Example of a clidepside : 


HO.CeH4.CO- 


-O.CeH4.COOH 


Example of a tridepside : 


HO.CeH4.CO 


-0.C,H4.C0- 


-0.ceH4.c00H 


Example of a tetradepside : 

-0. CeH4. CO- 


HO. 0eH4.0O 


-O.C6H4.CO- 


O.CeH4.COOH 


The terminology for individual compounds follows the lines 
already made familiar by the polypeptides. Thus the didepside 
shown above, if derived from ;p~hydroxybenzoic acid, would 
be termed p - hydroxybenzoyl > p - hydroxybenzoic acid. The 
tridepside would be described as di-[p-hydroxybenzoyl]-p- 
hydroxybenzoic acid. The tetradepside would have the name : 
tri“[p-hydroxybenzoyl]-f)-hydroxybenzoic acid. 


C,~SoME Factors which influence Depsids Formation 

At the first glance, the depsides seem to furnish a close 
parallel to the polypeptides, since in the syntheses of the two 
classes the analogous processes of amide-formation and esterifica- 
tion are used. Closer inspection reveals, however, that there are 
marked differences between them; and that in almost every 
case the disadvantage lies with the depsides. 

In the amino-acids from which the polypeptides are built up, 
the two interacting groups are markedly different in character, 
the acidity of the carboxyl radicle meeting its complement in 
the basic nature of the amino-group. In the depsides, however, 
the acidic carboxyl has to be forced into combination with the 
semi-acidic hydroxyl group of a phenol, which is not nearly so 
simple an operation as amide formation. It seems not im- 
probable that this factor in itself is sufSicient to account for the 
subordinate rdle in nature which is played by the depsides. 
There is not, in the depside molecule, that regular alternation 
of basic and acidic radicles which seems to make the almost 
infinite extension of the polypeptide chain a possibihty. 
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Again, in the polypeptides synthesized by Fischer, the 
strnhtnral difficulties were reduced to a minimum since each 
amino-acid molecule contained only one carboxyl and one amino- 
radicle. Among the depsides, however, the isomerism due to the 
phenyl nucleus introduces complications in more than one form. 

In the first place, the simplest phenolic acid exists in three 
isomeric forms; and it was found that these acted quite 
differently in depside formation. Para-hydroxybenzoic acid 
underwent depside formation with comparative ease ; the meta- 
acid showed less readiness in reaction ; whilst the acid with the 
carboxyl and hydroxyl radicles in the ortho-positions could 
only be made to form depsides with difficulty. Evidently the 
simplicity of the sjmtheses is governed by the nature of the 
reagents to a very considerable extent. 

Secondly, an even greater difficulty arises when the case 
of the polyhydroxy-benzoic acids is examined. Take gallic acid 


COOH 



as an example. Here there are two hydroxy-groups in the meta- 
position to the carboxyl group and the remaining hydroxyl is 
in the pam-position. It is obvious that if two molecules of 
this substance interact, the carboxyl group of one molecule 
may attach itself either in the or in the pam-position 

to the carboxyl of the second molecule, leading to the pro- 
duction of a mixture of the two compounds shown below : 

OH OH OH 


HO- 


\=7 


-co-o 
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ho-7 \-cooh oh 
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OH 


* A somewhat analogous difficulty in the polypeptide syntheses is found in 
the formation of mixtures of non-antipodic forms when dZ-amino acids are 
employed. r 


THE DEPSIDES AND TANNINS 


335 


In order to avoid the production of this mixture, which in the 
case of higher depsides would be difficult to resolve into its 
separate constituents, it is necessary to shield certain hydroxyl 
groups from the action of the acid, leaving open to its attack 
only one hydroxyl group in a known position in the structure. 
After esterification is completed, these shielded hydroxy 
groups must then be brought back to their original condition. 

A fiinal difficulty, which presents itself in certain cases, 
is caused by the possibility of intramolecular rearrangements 
taking place ; but this point can best be dealt with later in the 
present chapter. 

D. — The Synthesis OP Depsides 

From what was mentioned in the foregoing section, it will 
be clear that in the synthesis of the depsides there are three 
processes involved : {a} the protection of those hydroxyl groups 
which are not to be attacked by the carboxyl radicle ; (b) the 
coupling reaction ; and (c) the regeneration of the shielded 
hydroxyl groups. It will be convenient to deal with these in turn. 

(a) The Protection of Hydroxyl Groups . — In this problem 
three factors have to be taken into account. The shielding 
group must he easily introduced ; it must be readily removed ; 
and, if possible, it should improve (or not deteriorate) the power 
of crystallization of the substance under examination. The 
first two factors limit the choice, so far as depsides are concerned, 
to acyl radicles such as acetyl, benzoyl, and the carbomethoxy 
group. The molecular weight of depsides being so high, the 
introduction of a heavy radicle like benzoyl is not advantageous ; 
so the final selection is limited to the acetyl and carbomethoxy 
and in the final depside syntheses the acetyl radicle 
was found to yield better crystalline derivatives than the carbo- 
methoxy group. 

It is comforting to lesser chemists to find that even Fischer 
could take the wrong track on at least one occasion. A study 
of the literature of the subject had convinced him^ that the 
removal of the acetyl group from phenols required strong reagents 
such as boiling alkali; and as such reagents would naturally 
tend to hydrolyse the depside junctions, he avoided the acetyla- 
tion method of shielding until quite far on in his researches. 
When driven back to it by forc§ of circumstances, he found that 
^ Hoesclij, Emit Fischer, p. 456 ; Eischir, Ber., 1919, 25, 809. 
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lie had been misled; and in Ms later work he adopted the 
introduction of acetyl groups as the simplest and most satis- 
factory method of protection for his hydroxyl radicles. 

In practice the acetylation of the phenolic acids was carried 
out by shaMng the acid with acetic anhydride in presence of zinc 
chloride, dimethylaniline, or pyridine. TMs leads to complete 
acetylation ; and thereafter one of the hydroxyls can be freed 
again by hydrolysis with potassium carbonate solution. The 
identity of the particular hydroxyl group set free is established 
by converting it into a methyl ether by means of diazomethane, 
hydrolysing away the remaining acetyl radicles and identifying 
the ether thus produced. 

For example, gallic acid is first converted into triacetyl- 
gallic acid. By controlled hydrolysis, this is changed into 
3, 5-diacetyl-gallic acid, which is then ready for depside syn- 
thesis, owing to its single free hydroxyl group. The identity 
of the 3, 5-diacetyl compound is established by methylating the 
free hydroxyl with diazomethane and hydrolysing the two acetyl 
radicles, when the product is found to be 4-methoxy-3, 5-di- 
hydroxy-benzoic acid. 

The second protection method consists in shaking the phenolic 
acid in cold alkaline solution with chloro-formic methyl ester 
and acidifying after the reaction has run its course. Here, 
as in the foregoing case of acetylation, all the hydroxyl groups 
are attacked by the reagent ; and in order to free one of them for 
depside synthesis a partial hydrolysis with alkali or ammonia 
is necessary. 

A third protection method was used by Fischer in the case of 
polyhydroxy-compounds having two hydroxyls in the or^^o-posi- 
tion. Carbonyl chloride was allowed to act upon the polyphenol, 
with the result that a ring was formed at the two orjJ/m-positions. 
Gallic acid, for example, yields the compound shown below : 


COOH 
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(b) The Coupling of Nuclei . — It will be recalled that in tbe 
polj^eptide work, Fischer employed by preference the acyl 
chlorides as reagents to act upon the amino-group of the amino- 
acids during the process of chain-formation. In the field of the 
depsides the catenation was brought about in an analogous 
manner by the action of acyl chlorides upon the phenolic acids. 
The chlorides were readily obtained by the action of phosphorus 
pentachloride upon the carboxyl group after the hydroxyl 
radicles of the molecule had been protected as has already been 
described. The interaction between acyl group and phenolic 
hydroxyl took place readily in acetone solution in presence 
of alkali, dimethylamine, or aluminium chloride ; and by 
subsequent addition of dilute mineral acid, the depside was 
precipitated. 

(c) The Regeneration of the Hydroxyl Group.— Miet the com- 
pletion of the coupling, the protective acetyl groups are easily 
removed by the action of alkali, even at ordinary temperatures. 
Ammonia is also a reagent sufficient for the purpose ; and if 
the temperature be raised, sodium acetate will effect the de- 
acetylation rapidly. By using different quantities of alkali, 
the hydrolysis can be stopped at fixed stages instead of being 
run through to completion in one operation. For the removal 
of the carbomethoxy-group, normal alkali solutions are used 
in most cases ; sometimes sodium carbonate solution can be 
employed with advantage; and in certain cases ammonia in 
presence of pjrridine has proved a satisfactory agent. 

At this point, it seems of interest to trace the steps in the 
synthesis of a didepside : digallic acid. For the sake of clear- 
ness, the acetyl group is represented by the symbol Ac in the 
formulae. ' ■ 

Gallic acid (I.) is first converted into triacetyl-gallic acid (11.). 
Partial hydrolysis yields 3, 6-diacetyl-gallic acid (III.), which 
is the phenolic compound to be used in the synthesis. The 
triacetyl-gallic acid {II. ) is treated with phosphorus pentachloride, 
yielding triacetyl-galloyl chloride (IV.). The diacetyl-compoond 
(III.) and the chloride (IV.) are then allowed to interact, with the 
production of the pentacetyl-digallic acid (V.), from which a 
didepside, digallic acid, is obtained by hydrolysis of the five 
acetyl groups by means of alkali. 
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E— Intramoleculab Change m the Depsides 

• The example of depside formation given in the foregoing 
section was chosen to illustrate a further point which raised 
difficulties in the depside field. As can be seen from the formute^ 
there can, apparently, be no doubt as to the constitution of the 
pentacetyl derivative (V.) ; and the natural assumption would 
be that, on removing the five acetyl groups by hydrolysis, the 
didepside (VI.) would be produced. In actual practice, however, 
this substance is not formed ; but, instead, the end-product of 
the hydrolysis is the compound with the constitution (VII.). 
Instead of the expected pam-digallic acid, a we^a-digallic acid 
is formed. 

The explanation of this apparently mysterious phenomenon 
was found by Fischer in a wandering of the galloyl radicle from 
the para- into the me^a-position during the hydrolysis of the 
acetyl groups. This wandering is not confined to the galloyl 
radicle ; for when the benzoyl group is substituted for the galloyl 
nucleus, it also wanders in precisely the same way. Further, 
when j9-benzoyl-acetyl-protocatechuic acid (VIII.) is hydrolysed, 
the removal of the acetyl group is accompanied by a similar 
wandering of the benzoyl radicle, so that m-benzoyl-proto- 
catecffiiic acid (IX.) is the end-product : 


COOH 


COOH 


A 

Hydrolysis 

1 

A 

Y 

Y 

1 

0- 

-co-aH. 

1 

OH 

(VIIL) 



.0—00— O.H: 




(IX.) 


From these and other results, it appears that the phenomenon is 
a general one in this series of compounds. 

The wandering of radicles from one atom to another is, of 
course, nothing new in organic chemistry. The shift of acyl 
groups from the oxygen to the carbon atom in acetoacetic ester 
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syntlieses will occur to the mind of the reader at once. Among 
oth^r examples might be mentioned the production of N-benzo)d- 
aminophenol by , the reduction of ' 0-benzoyho-nitrophenol ; ^ 
and the conversion of O-carbethoxy-o-aminophenol into N- 
carbethyoxy-o-aminophenoL^' What makes the lischer change 
so remarkable is, that the wandering takes place between two 
hydroxyl groups, the -only difference between ' which is their 
structural position in respect to the carboxyl radicle. 

No explanation has yet been found for this peculiar intra”- 
molecular rearrangement, which Fischer likens to the equally 
unexplained case of the benzoyl derivatives of dulcitol and its 
acetone-derivative.® 


■ F.— -The Lichen Acids 
1. General 

Up to the present time, the lichens are the solitary abundant 
natural source of depsides. If Schwendener’s views be correct, 
the lichens are produced by a symbiosis of fungi and algas l and 
possibly this peculiar origin may account for the presence in 
their tissues of the depside group, which is so conspicuously 
scarce in the rest of nature. 

Among the so-called lichen acids, five have attracted more 
attention than the rest : orsellinic acid, CgHgO^ ; lecanoric acid, 

' ; evernic mid, ; gyrophoric acid, C24H20O4, 

and usnic acid, CigHigOY. At the time Fischer began his work 
on these compounds, lecanoric and gyrophoric acid were believed 
to be built up from two molecules of orsellinic acid, since on 
careful hydrolysis this acid was obtained from them. Bvernic 
acid was assumed to be some sort of ester-anhydride formed from 
one molecule of orsellinic acid and one molecule of its methyl 
ether, everninic acid, Fischer set himself to test these views by 
synthesis of the compounds, with the results which will he 
■■'■'.described in 'the .present; section. ■■ ■ 

. ■ ^ .Bottclier, 1883 , 16,;629. . . 

2 Hansom, Her., 1898, 31, 1055 ; 1900, 33, 199. 

2 Eischer, Bergmann, and LipscMtz, Ber., 1918, 51, 45 ; Eischer, ibid.^ 
^ 1915, 48, 271 ; Fischer and Bergmann, 1916, 49, 290. 
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2. OrselKnic Acid 


In the first place, the structure of orsellinic acid had to be 
determined. This compound gives a purple- violet tint with 
ferric chloride and easily decomposes into carbon dioxide and 
orcinol. The ferric chloride coloration resembles that of 
salicylic acid; the production of orcinol gives the skeleton 
of the molecule; so that orsellinic acid appears to be either 
fI.)or(IL): 


COOH 


COOH 


CH, 


;^__/\_OH 

HO 1 

k/ 

1 

Y 

1 

OH 

CHa 

(I.) 

(II.) 


OH 


Now everninic acid is a methyl ether of orsellinic acid. The 
structure (I.) permits the existence of two isomeric methyl 
ethers ; whereas since (II.) is a symmetrical molecule, only 
one methyl ether could be obtained from it. In practice, a 
second methyl ether, isomeric with everninic acid, has been 
prepared by acting on orsellinic acid with diazomethane 
and removing one of the methyl groups from the dimethyl 
ether thus produced. The existence of this second methyl 
ether established that orselHnic acid has the as5mametrical 
formula 


COOH 


COOH 


CH, 


/ 


-OH 


CH, 


/ 


-OH 


OH 

OrsoUimc acid. 


OCHg 

Everamio acid. 
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3, EveminicAeid 

Witli regard to the structure of eveminic acid, Fischer 
adduced the following evidence in favour of the formula shown 
above. In the first place, with ferric chloride it gives a strong 
reddish-violet tint like that of salicylic acid. Secondly, metliyla- 
tion of the phenolic acids with diazomethane takes place more 
readily in the jjam-position than in the or^Ao-position to the 
carboxyl group ; and the partial methylation of orsellinic acid, 
when only one hydroxyl is affected, yields eveminic acid. 
Thirdly, similar reasoning suggests that when a carbomethoxy- 
derivative of orsellinic acid is formed, the carbomethoxy-group 
occupies the jjam-position. Methylation of the remaining 
hydroxyl and removal of the carbomethoxy-group leads to the 
isomer of eveminic acid, which is what would be expected. 

4. Lecanoric Acid 

Fischer’s next step was to condense dicarbomethoxy-orsellinic 
acid chloride with orsellinic acid. Since the choice is between 
condensation in the ortho- or the j?(jra-position, the well-known 
preference for j^am-condensation leads to the formation of the 
didepside structure shown below, after removal of the carbo- 
methoxy-groups. On comparing this synthetic substance with 
natural lecanoric acid, the two were found to be identical, so 
that the structure of lecanoric acid is : 



GHg 


CH 3 

1 

HO_^ 

j 

^CO- 

Y 

O 

1 



OH 


OH 


Lecanoric acid. 


5. Evernic Add 

The problem of the evernic acid constitution may now be 
^ considered. 


9 
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On subjecting lecanoric acid and evernic acid to total metbyla- 
tion, Fischer found that the end-products were identical. Since 
lecanoric acid is a jiam-compound, this proves that evernic 
acid also is a p^xm-didepside derivative, differing from lecanoric 
acid only in that it has a methoxy-group instead of one of the 
hydroxyl radicles of lecanoric acid. 

Now the hydrolysis of evernic acid yields orsellinic acid 
and everninic acid. But, as we have seen earlier in this section 
everninic acid has no free hydroxyl group in the j^ara-position 
to the carboxyl ; for this point is occupied by a methoxy radicle. 
Since this precludes jpara-coupling with everninic acid acting as 
a phenol, it is clear that in evernic acid, the acidic part of the 
molecule must be the everninic nucleus ; while the phenolic 
portion is furnished by orsellinic acid, which has a free hydroxyl 
radicle in the required |>ara-position. The formula for evernic 
acid must therefore be : 

Evernic acid. 

CHg CHg 

CH3O— / 



Everninic nucleus* Orsellinic nucleus . 

This structure has been confirmed by the synthesis of methyl 
evernate, which is identical with the methyl ester prepared 
from the natural acid.^ By the successive actions of methyl 
iodide and acetic anhydride orcyl aldehyde (III.) was converted 
into acetyleverninaldehyde (V.). This aldehyde was converted 
into the corresponding acid (YI.) by the action of potassium 
permanganate solution. The acid chloride (YII.) was prepared 
in the usual way and on condensation with methyl orsellinate 
(YIIL) yielded methyl 0-acetylevernate (IX.). Hydrolysis of 
the acetate with dilute sodium hydroxide solution gave methyl 
evernate (X.). The formulse will make the steps of the synthesis 
clearer 


CO— 0— ^ 


\ 

=/ 


-COOH 


^ Bobertson and Stephenson, J., 1932, 32, 1388, 
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6. Gyrophofic Acid 

Gyroplaoric acid is of special interest as it is now known to be 
one of tke small number of natural tridepsides. On bydiolysis 
it yields orsellinic acid' only. Analysis and molecular weiglit 
determination pointed to it being a tridepside.^ These facts 
led to the inference that the acid has the structure : — 



made up of three orsellinic acid residues. This structure has 
been shown to be correct by the syntheses of methyl tetramethyl- 
g 3 urophorate ^ and methyl tetra-acetylgyrophorate.^ In each 
case the synthetic product was identical with the corresponding 
derivative prepared from the natural substance. The synthesis 
of methyl tetramethylgyrophorate was carried out using orsellinic 
acid and -isoeverninic acid as the starting materials of known 
structures. Orsellinic acid (XI.) may be converted into the 
y)-monocarbomethoxy-derivative (XII.) by the action of sodium 
hydroxide solution and methyl chloro-formate. The para- 
derivative is formed, as the second hydroxyl group in the orsel- 
linic acid molecule is in the orif^o-position to the carboxyl group 
and does not react under the experimental conditions. The 
action of methyl iodide and potassium carbonate solution pro- 
duced methyl isoeverninate (XIII.). /soeverninic acid (XIV.) 
was converted into its carbomethoxy-derivative (XV) and the 
acid chloride (XVI.) condensed with methyl isoeverninate 
(XIII.) to yield methyl 0-dimethyllecanorate (XVII.). This 
compound was condensed with 0-dimethyiorsellinoyi chloride 
(XVIII.) to produce methyl 0-tetramethylgyrophorate (XIX.), 
as follows : — 

^ Asahina and Watanabe, Ber.^ 1930, 60 [B], 3044. 

2 Asabina and Fuzikawa, Bar,, 1932, 65, [B], 983. 

® Canter, Eobertson and Waters, 1933, 493. 
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7 . Usnic Acid 

Usnic acid is of widespread occurrence in licliens. Its 
molecular formula has been established as CigHigO^. It is 
optically active and both the dextro- and laevo-forms have been 
isolated. It is a comparatively strong acid, liberating acetic 
acid from sodium acetate. When it is hydrolysed with alkali 
it breaks down into acetoacetic acid and usnetic acid, Ci4Hi40g. 
By the loss of carbon dioxide usnetic acid is converted into 
usnetol, C13H24O4. This latter substance is phenolic in character 
and splits off an acetyl group by the action of concentrated 
alkali yielding the phenol usneol, The successive 

actions of ozone and sodium hydroxide solution break down 
usneol to methyl phloroglucinol. An intermediate compound 
was isolated which was considered to be a methyl phloraceto- 
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plienone*^ For reference these degradation products may be 
shown in the following scheme : 

ClsH-ieO? -> C3_3H3_404 Ci 3_H4203 — > GyHgOg 

Usnic Usnetic XJsnetol Usneol Me-pUoro- 

acid acid glucinol 


From its relationship to phloroglucinol and phloracetophenone 
nsneol was considered to be a cnmaroiie having the structure 
(XX) or (XXL). 


H 

OH3 

1 

I 

' 1 1 I 

or 1 il il 

CHa.C^ .0 -C.CHg 

1 

HO^ /C C.OH. 

1 

I 

OH 

1 

OH 

(XX.) 

(XXL) 


The former structure was shown to be the correct one by 
the synthesis of usneol dimethyl ether and the comparison 
made of its properties with those of the dimethyl ether prepared 
from usneol from natural sources.^ In this synthesis methyl- 
2 : 6-dihydroxy-4-methoxy-3-methylbenzoate (XXII.) and 3- 
chIorobutan-2-one (XXIII.) were condensed by refluxing their 
acetone solution with potassium carbonate. The cumarone 
(XXVI.) formed could be produced through either compound 
(XXIV.) or (XXV.). The cumarone was next decarboxylated 
and then methylated to yield O-dimethyl usneol (XXVII.). 
The structures are given on p. 349, 

As usnetol splits oiff an acetyl group under the influence of 
alkali to give rise to usneol, it was inferred that it had the 
structure (XXVIII.). This structure was confirmed by the 
synthesis of 0-methylusnetol from 2 : 6-dihydroxy-4-methGxy- 
S-methyl-acetophenone and 3-chlorobutan-2-one by methods 
similar to those employed in the synthesis of dimethylusneol.^ 

^ VsitomoVGazz^ta, 1876, 6 , 127 ; Schoff and Honckl Anmlen, 1927, 459, 
233. 

® Curd and Robertson, «/■., 1933, 714. 

® Curd and Robertson, 1933, ll??. 
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COOCH3 


O.CH3 

(XXII) 

COOCH3 

A HO.O.CH3 
\ 0 H !I 


OCH3 

(XXV) 


Cl CH-CHa 
0:CCH3 

I (xxin) 

COOCHg 


HO.C.CH, 


® (XXW) 


¥ COOCH3 

CH30-/Y%.CH3 ^ H0-/Y%.CH3 
CH 3 ^j C.CH 3 CH 3 I CHg^J C.CH 3 

O.CH3 O.CH3 

(XXVII) (XXVI) 

Usneoi 

Usnetic acid can be decarboxylated to yield nsnetol, and can 
be oxidized to a tribasic acid derivative of furan. TMs latter 
acid was shown to have the structure (XXX.).^ Consequently 
usnetic acid has the structure (XXIX.). 

CO.CH, 


.OA AO. 


C.CHo.COOH 


CH3.C 0 “C.CHg 

Usnetic Acid 

OH (XXIX.) 


HOOO.C C.CH..COOH 


HOOC.C C.CH3 


(XXX) 


HO.U C C.CHg 

!1 II II 


(XXVIII) OH 3 .C 


OH Usnetol 


^ Asahina and Yanagita, J5er.j 1937, 70, [B], 1500. 
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Usnic acid by hydration and loss of carbon dioxide may be 
conyerted into decarbonsnic acid.^ As the latter acid can neither 
be esterified nor decarboxylated, its acidity is attributed to the 
presence of a 1 : 3-diketonic group in the molecule. Decarbo- 
usnic acid is optically inactive. It reacts with semicarbazide 
hydrochloride to yield a pyrazole derivative (XXXII.), and 
when treated with aqueous potassium hydroxide breaks down 
into acetone, acetic acid, usnetic acid and pyrousnic acid. Usnetic 
acid has been shown to have the structure (XXIX.) and piecing 
this grouping and one acetone residue together the structure 
(XXXI.) is obtained for decarbonsnic acid. 


CHsv yCH2 

CK^co c no 

3 j - 
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/CHg 


CH3C^^^C 


C.CHs 
OH 

(XXXI) 
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O-CHg 
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CHg-C^ ^00 
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CH3-C^^/C- 

OH 


(XXXII) 


-C-CHg (XXXIII) 


This structure accounts for the properties of the acid. For 
example, it contains no asymmetric carbon atom ; it contains 
an acidic enolic group ; it permits a suitable explanation to be 
made of the action of semicarbazide hydrochloride and affords 
reasonable structures for the products of hydrolysis and dehydra- 
tion. The pyrazole derivative could have the structure (XXXII.) 
and decarbousnol obtained by dehydration of the acid would be 
.'.■(XXXiiL). 

Structures for usnic acid have, from time to time, been put 
forward. These provisional structures agree very well with the 
known properties of the acid, but a choice cannot yet be made 
between them. Three of these structures, (XXXIV.), (XXXV.) 
and (XXXVI,), are given for comparison. 


^ Widman, 
J., 1937, 894 


1900, 310, 230 ,* 1903, 324, 139 ,* Curd and Robertson, 
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(XXXVI) 


G. — Some Chlohodepsides 
1. General 

The lichens Bz^eZZia canescens and Lecanora gangaleoides from 
various maritime regions yield the depsides diploicin and ganga- 
leoidin respectively. These two substances belong to the very 
small group of natural organic compounds containing chlorine. 


2 . Diploicin 


Diploicin has the molecular formula, GigHi0O5Cl4, ^ It contains 
a methoxyl group and one free aromatic hydroxyl group. A 
lactone grouping is present in the molecule, as it can be hydro- 
lysed to yield a compound which after treatment with diazo- 
methane contains four methoxyl groups (II.). Four of the five 
oxygen atoms have thus been accounted for. The remaining 
oxygen atom is chemically inert, and is considered to form an 
ether link between two aromatic nuclei. As none of the chlorine 
atoms can be removed by warm alcoholic potash or by boiling 
acetic anhydride and sodium acetate, they must be directly 
attached to the benzene nuclei. A Kuhn-Roth — O.CH3 estima- 
tion showed the presence of two —C.CHg groups in the diploicin 
molecule.^ From these facts the probable partial structure of 
diploicin is (I,), and the unusual feature presents itself of a 


/\ 

' " A.'' ' ■ 

-co-o- 

/VI 

\/ 

Lo_i 

B j 

V/^ 



(I.) 


2 CH 3 

/\_COOCH, CH,0- 

/v 

401 

OH 

5*^ j 1 A. . 

(II.) 

r .B, 

O.CH 3 

\/ 

\/ 


"1 2CH3 
! 4C1 
I 0 .CH 3 
I O.CH. 


^ Xolan, 8ci, Proc. Roy, Dublin 80c., 1934 , 21 , 67 . 

^ Spiilane, Eleane, and Nolan, 8ci, Proc, M,D,8,, 1936, 21, 333. 
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natm-al product liaving all tte positions in tlie benzene nuclei 
substituted. Inspection of the structures of simpler lichen 
products points to orsellinic acid (III.) as a possible parent sub- 
stance of diploicin. The condensation of two molecules of 
orsellinic acid (III.) with the subsequent ehmination of one 
carboxyl group, Mowed by chlorination and oxidation could 
mve rise to a compound with the substituents distributed as 
shown in (V.). These steps may be formulated as follows 



CH, 

CH3 
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y^X.COOH Ho/\ OH ^ 

y^\_CO— 0-XV. OH 


H.s^^.COOH 

ho^^^oh 


OH3 

CH3 


(III.) 
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This view of the structure of diploicin is supported by the evidence 
obtained from the examination of its decomposition products. 
When diploicin was heated at 270°— 275° C. an intermediate 
compound, CigHgOsOli, was isolated, which on treatment with 
warm methyl alcoholic potash in an inert atmosphere yielded 
4 : 6-dichlor-o-orsellinic acid methyl ester (VII.) ; and when 
diploicin was heated with a mixture of acetic and hydrochloric 
acids 2 : 4-dichlor-orcinol (X.) was isolated. These two decom- 
position products were identihed by syntheses from o-orsel- 
linic acid methyl ester (VI.) and orsellinic acid ethyl ester 
(VIII.) respectively.^ The following schemes represent these 
transformations. 


1 Kolan and Murphy, Sci. Proc, RI).S., 1940, 22, 315. 
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COOCHg 

OH 


Cl (VII) 



These facts leave no doubt about the structure of one half 
of the diploicin molecule, and accordingly the structure may now 
be elaborated to (XI.) 
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(XL) 


3. Gangaleoidin 

Gangaleoidin has the molecular formula CigHi 407 Gl 2 . 
Analysis showed the presence of two methoxyl groups. There 
is also present in the molecule one phenolic hydroxyl group, 
Gangaleoidin (I.) contains one inert oxygen atom, and behaves 
in the characteristic way of a lactone. When hydrolysed with 
methyl alcoholic potash it yielded a dicarboxylic ester (11.).^ 
Subsequent methylation of this substance with diazomethane 
gave rise to a product (III,) containing five methoxyl groups. 
This eompound was converted into a trimethoxydicarboxylic 
acid (IT.) by hydrolysis. One carboxyl group was removed 
from this acid by the action of hot formic acid.^ The mono- 
carboxylic acid (V.) formed was then esterified with diazo- 
methane. This fuUy methylated compound (VI.) was treated 

^ Hardiman, Keane, and Kolan, Sci, Proe, J2.Z).aS., 1935, 21, 141. 

2 Koian and Keane, ibid., 1940, 2^, 199. 

VOL. n. 
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with a carbon tetrachloride solution of chlorine and then reduced 
by means of stannous chloride. Finally hydrolysis with mdfchyl 
alcoholic potash yielded methyl 4-methosy-3 : 5-dichlor-o- 
orsellinate (IX.).i From the results obtained by the chlorination 
of derivatives of o-orsellinic acid it may be concluded that a 
tetrachloro-compound (VIL). was formed, which on reduction 
was converted into the dichloro-derivative " (VIII.). This 
dichloro-compound then on hydrolysis yielded the orsellinate 
(IX.). The following partial structures have been assigned to 
gangaleoidin and the derivatives mentioned.® 



By similar steps, but using diazoethane instead of diazo- 
methane on gangaleoidin ester (II.), methyl 4-ethoxy-3 : 5- 
dichlor-o-orsellinate (X.) was obtained. From these results 

T- Nolan and Bavidson, private communication. 

2 Nolan and Murphy, Sci, Proc. Roy. Dublin Soc., 1940, 22, 315. 

3 Q.nH "navidaon. 
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some of tlie substituents of gangaleoidin may be placed with 
certainty. Firstly, the orsellinate must come from ring A of 
gangaleoidin as ring B would yield a compound containing the 


. 0 — / 

grouping 


Secondly, the phenolic hydroxyl of gangaleoidin must be in 
ring A at position 4 relative to the lactone linkage, as ethylation 
takes place at this point, and it is most unlikely that demetliyla- 
tion could have taken place in the conversion of gangaleoidin 
(I.) into its ester (II.). Finally, the remaining two positions 
in ring A must be occupied either by two chlorine atoms or by 
one chlorine atom and one hydrogen atom. This being so the 
remaining substituents — CH 3 , — O.CHg, — COOCH 3 , and Cl or 
H have to be allocated to their positions in ring B. This inter- 
esting and difficult work must be left at this stage for further 
development. 


CH, 


Ch 

C3H5.O- 


yv 

\/ 


-C00CH3 

.OH 


01 

(X.) 


H.— The Depsidb Tannin 

By 1913, Fischer's sjmtheses had resulted in the production 
of no fewer than twenty-eight didepsides, two tridepsides, and 
a pair of tetradepsides ; and from the study of these substances 
he had gained clear ideas of the general properties of the depside 
class. To an ordinary investigator, a piece of research on this 
scale would have been an end in itself ; but for Fischer it was 
a mere preliminary step towards the solution of a greater problem. 
In his depside researches he was clearing the ground on the road 
to the real objective which he had set before himself in this 
branch of chemistry : the elucidation of the constitution of 
tannin. 


356 RECENT ADVANCES IN ORGANIC CHEMISTRY 

The scantiness of our accurate knowledge of tanmn at this 
period has already been indicated in the first section of "this 
chapter It was not even known with certainty whether glucose 
did or did not form an integral part of the tannin molecide. 
Thus at the conclusion of the preliminary work on the depside 
syntheses, Fischer had to start from the foundation and subject 
tannin to analysis, in order to settle the question of its main ^ 

constituents. ^ 

First, however, it was necessary to prepare pure samples 
of tannin, which was done by various methods.^ ^ Extraction of 
tannin from an alkaline solution by means of acetic ester proved 
in the end the most satisfactory process. But even after rigorous 
purification in this way, the tannin obtained could not be crystal- 
lized ; so that definite proof of purity was lacldng. However, 
since the same material was obtained from various samples of 
commercial tannin derived from different sources, it seemed 
most probable that the purified substance was homogeneous. 

It should be noted that this mode of extraction would free 
the t.PTinin from any substance containing a, free carboxyl group ; 
so the possibility of tannin being a glucoside of gallic acid is 
straightway eliminated from consideration. 

Fischer’s next step was to study the hydrolysis of this most 
carefully purified tannin, by heating it for seventy hours with 
6 per cent, sulphuric acid at 100° C. The results of a large 
number of tests and control-experiments led him to the con- 
clusion that the tannin molecule on hydrolysis yields ten mole- 
cules of gallic acid and one molecule of glucose. No phenolic acid 
except gallic acid was detected among the hydrolytm products. 

At this point, the tannin riddle appeared to be simpler than 
had been feared. Since glucose contains only five hydroxyl 
groups, it was evident that it could rmite directly with only 
five acyl radicles. The ten gallic acid nuclei must therefore 
be so grouped as to present to glucose only five acyl radicles ; 
which is the same thing as saying that some, at least, of them 
must be joined to one another in depside form. The simplest 
mode of combination would be to arrange them into five digalhc 

1 Fisoher and Freudenberg, Ben, 1912, 45, 919 ; see also Paniker and 

Strasnv, 1911, 99, 1819. , *1 / 

* This is confirmed by Fischer’s synthesis of ^-gliicosido-gailic acid {her., 
1912, 45, 3773), which was fonnd to be non-identical with tannin. 
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acid chains ; and on Fischer’s view, tannin was simply glucose 
with its five hydroxyl groups esterified by five molecules of 
digallic acid. Thus at the end of his career, Fischer had come 
into a field upon which converged two of his earlier lines of 
research : the investigation of the sugars and the study of the 
depsides. It seemed a most favourable augury of ultimate 
success. , 

All that was now necessary to strengthen his hypothesis 
was to prove the presence of digallic acid among the fission 
products of tannin. But here, strangely enough, only complete 
failure awaited him. It seems that any agent which breaks 
the junction between digallic acid and glucose will simultaneously 
rupture the bond between the two nuclei of digallic acid itself ; 
so that hydrolysis ends in a total disintegration of the complex 
molecule into its simplest constituents. 

Herzig and his collaborators ^ had methylated tannin by 
means of diazomethane ; and on hydrolysis their product 
yielded trimethyl-gallic acid and the unsymmetrical 
dimethyl-gallic acid. This last fact shows that in the tannin 
molecule meto-digallic acid is the esterifier of the glucose hydroxyl 
radicles. 

Since the analytical method had failed, to establish the 
tannin constitution in which he believed, Fischer turned once 
more to his well-tried weapon of synthesis. 


I.— The PE]SrTA-(m-I)iaALLOYL)-GLUCOSES 

In the field of tannin syntheses, Fischer’s first long step was 
the preparation of a completely methylated m-digallic acid : 

OCH3 


CH 3 O- 

CH,0 


V 

/ 


-COOH 


0 


OHjO-^ ^-CO 


OOH, 


Herzig and others, Ber,, 1905, S8, QB9 , Mo7h(itsh*t 1909, SO, 543. 
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wMch lie obtained by acting with trinaethyl-galloyl chloride 
upon the meto-para-dimethyl ether of gallic acid. This methyl- 
ated acid was then used for the complete esterification of the 
five hydroxyl groups of glucose, producing a substance known 

as penta-(pentamethyl-m-digalloyl)-glucose, two forms of which 
are known, corresponding to the ot- andJB-forms of glucose. This 
substance was expected to be identical with the compound 
which is formed when tannin itself is methylated with diazo- 

methane. . 

It may seem surprising that Fischer did not at once take up 
the synthesis of the parent substance instead of devoting time 
to the synthesis of the pentamethyl derivative. The reason 
lies in the fact that in this case the carbomethoxy method of 
shielding the hydroxyl radicles had been a failure, since it led to 
uncrystallizable compounds. But in a short time the acetyla- 
tion method of protection came to its own in Fischer’s labora- 
tory; and by its help he was enabled to prepare the parent 
penta-(m-digalloyl)-glucoses which he surmised might be identical 
with natural tannin. The structure of these synthetic substances 


shown below. 


,CH— O.R 

/I 

where R represents the group 
OH 

/ CH— O.R 

0 CH— O.R 

HO-/ V—CO— 
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On paper, at least, this synthesis is simple enough. Meta- 
digallic acid, the synthesis of which has already been described 
in the sections D and E of, this chapter, was completely 
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I : , 

acetylated by treatment with acetic anhydride, yielding pent- 
aeetyl-m-digallic acid : 

OAc 


OAc AcO — ^ 


^COOH 


AcO- 


y' 


^CO— 0 


OAc 

This was then converted into the corresponding acyl chloride 
by treatment with phosphorus pentachloride in presence of 
chloroform. This acyl chloride in slight excess was mixed with 
the proper quantity of glucose (either a- or ^-variety) suspended 
in dry chloroform to which some dry quinoline had been added ; 
and the mixture was mechanically shaken for two days. After 
standing for two days more, the mixture was diluted with more 
chloroform ; the quinoline was removed by means of very dilute 
sulphuric acid ; the residue was washed with water ; and the 
chloroform was removed by distillation under reduced pressure. 

Final purification was attained by repeatedly dissolving the 
solid material in chloroform and precipitating it therefrom with 
methyl alcohol. The ultimate product was a light colourless 
powder which was easily electrified by rubbing. The yield was 
surprisingly large for so complex a substance, being 87 per cent, 
of the theoretical in the case of the a-glucose derivative, and no 
less than 95 per cent, of the theoretical yield in the case of the 
j3-derivative. A combustion of the material gave good results ; 
and an estimation of the acetyl groups was also very close to the 
theoretical value ; so that there can be no doubt as to the 
identity of the sjmthetic product. 

The last stage in the synthesis consisted in freeing the com- 
pounds from their twenty-five acetyl groups. The acetyl 
derivatives were dissolved in acetoneV cooled to 0^ C. and then 
treated with sodium hydroxide solution. A hydrogen atmosphere 
was employed, to avoid any accidental oxidation by the air. 
After the completion of the hydrolysis, sulphuric acid was 
added ; and the penta-[digalloyl]-glucose was extracted by 
shaking with ethyl acetate. On evaporating off the ethyl 
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acetate, a syrup was left behind, which eventually solidified to a 
pale yellow-brown solid. This solid was dissolved in absolute 
alcohol and an alcoholic solution of potassium acetate was 
added. The potassium salt was thus precipitated as a thick, 
almost colourless compound. After further treatment with 
alcohol, this potassium salt was decomposed with sulphuric acid 
and the free penta-[digalloyl]“glucose was extracted by means 
of acetic ester. It proved to be a pale brown, amorphous 
substance. The yield was 80 per cent, of the theoretical. 

A combustion showed good concordance'*^' between theory 
and practice ; but although chemically the substance was quite 
pure, it was physically non-homogeneous, since part of it was 
less soluble in cold water than the remainder. This rather 
extraordinary state of affairs seems to find its explanation in the 
semi-colloidal character of the material. 

J. — PENTA-(';?^-DIaALLOYL)-j3-GLUOOSE ANB CHINESE TaNNIN 

On collating the properties of his S 5 mthetic products and 
those of certain natural tarmins, Fischer detected the closest 
approximation in the case of Chinese tannin. Since this forms 
the crux of the whole problem, some space must be devoted to 
it here; and the chief resemblances between Chinese tannin 
on the one hand and penta-(m-digalloyl)-p-glucose on the other 
must be described in some detail. 

(1) The depside derivative and Chinese tannin both show 
all the normal tannin reactions with gelatine, alkaloid salts, 
potassium acetate, and arsenic acid. No differences between 
them were noticeable in any of these respects. 

(2) So far as organic solvents go, there is no noticeable 
difference in the solubilities of the two materials. In aqueous 
solution, the synthetic product is much less soluble ; but this 
may well be due to a difference in colloidal state between the two 
substances. 

(3) In organic solvents, the optical rotatory powers of the 
two materials are approximately the same, differing less from 
each other than the rotatory powers of two samples of a natural 

* It should be noted that with substances of so complex a nature com- 
bustion results alone can hardly differentiate between two derivatives which 
are of nearly the same molecular weight. 
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tannin derived frona the same source. In aqueous solution, 
the differences are greater ; and the synthetic material has a 
lower rotation than the natural tannin. Here again, however, 
the colloidal character may be playing a part. 

(4) On hydrolysis with dilute sulphuric acid, natural tannin 
and the synthetic product give like quantities of glucose and 
gallic acid. 

' (5) Methylation of both bodies with diazoniethane yields 

very similar products, having very similar optical rotatory 
power in various solvents. 

(6) On acetylation with acetic anhydride and pyridine, both 
substances are completely acetylated. Estimation of the acetyl 
radicles in the natural compound gave exactly the same value 
as in the case of the synthetic material. The optical rotations 
of the two acetyl-derivatives are close to each other ; and neither 
substance gives a coloration with ferric chloride. On hydrolysis 
both the natural and the synthetic substances are regenerated 
intact. 

(7) The compositions of corresponding compounds in the two 
series are identical so far as elementary analysis goes. 

From the foregoing, it is self-evident that there is a very 
close kinship between Fischer’s depside derivative and Chinese 
tannin ; and to that extent Fischer’s hypothesis as to the nature • 
of tannin is fully justified. If we were to go beyond this, we 
should be pressing the point further than Fischer himself thought 
justifiable ; for his own conclusion on the subject was couched 
in the most moderate terms . On the other hand, there can be 
no question of a definite identification, since all the materials in 
question are amorphous and thus lack the surest tokens of 
homogeneity. Even the synthetic products, as I have repeatedly 
stated, are not homogeneous, since they are for the most part 
mixtures of stereoisomers.” 

K.— Compounds of High Moleculae Weight 

One of the by-products of the depside investigations deserves 
mention here, if only under the guise of a chemical curiosity. 
Among the natural products there are many compounds of very 
high molecular weight, such as the proteins and rubber; but 
our knowledge of their structures is only sketchy, and even 
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tlieir molecular weights are not known with exactitude. 

In most cases the colloidal character of the material 
hinders any accurate molecular weight determination; and 
inferences can he drawn only from the percentages of certain 
elements in the compounds. Thus, for example, by making 
assumptions as to the number of iron atoms in the molecule 
of oxyhsemoglobin, it is possible from the composition of the 
compoxmd to make a guess that its molecular weight lies in the ^ “ 
neighbourhood of 16,000 ; but even this is hardly more than a 
random shot. 

It will be remembered that in the course of his work, on the 
polypeptides, Fischer synthesized the octadecapeptide, Heucyl- 
triglycyhMeucyl-triglycyl-Weucyl-octaglycyl-glycine, which has 
the formula C 48 H 8 iOi 9 lSri 8 and a molecular weight of 1213. Now 
in the depside series it is possible to reach much higher stages, 
if the depside radicles be coupled with sugar nuclei as in Fischer’s 
attempted synthesis of tannin ; and in such cases the constitu- 
tion of the final product is established by the steps in the synthetic 
process. Fischer thought it worth while to produce one or two 
of these extremely complex materials. 

For this purpose, he chose as his basic reagent tribenzoyl- 
gallic acid, (CgHg. CO. 0)3CgH2.000H, since this substance has 
the double advantage of being readily obtainable in quantity 
and yielding a crystalline, easily-purifiable chloride. Its mole- 
cular weight, 482, is already a high one ; so that by esterifying 
the acid with a sugar, a very massive molecule can be obtained. 

Mannitol was the first sugar chosen for this purpose ; and 
the neutral ester obtained from it had a molecular weight of 
2967. Compounds of this type, however, presented the difficulty 
that the combustion results did not serve to differentiate sharply 
enough between a fully acylated derivative and one containing 
fewer acyl radicles ; so that a definite proof of the constitution 
of the materials was lacking ; and as the substances are amor- 
phous, no indisputable proof of homogeneity could be adduced. 

To get round this, Fischer hit upon the idea of introducing 
into the molecule a definite number of halogen atoms, so that 
a halogen estimation would reveal the proportion of the halogen 
to the remainder of the structure and thus yield a gauge of the 
number of acyl groups present. This method was tested by 
esterifying the glucoside of tribromophenol with tribenzoyl- « 
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gallic acid, whereby tetra-(tribeiizoyl-galloyl)»tribroinoplie!iol- 
glii<3oside was formed. From a bromine estimation, the number 
of tribenzoyl-galloyl groups in the molecule could be determined ; 
and the molecular weight was thus found to be 2349. 

Fischer’s final attack on the subject yielded a still more 
striking result. Maltose was treated with ;p-iodO‘phenylhydra- 
ziiie and jij-iodo-phenyl-maltosazone was produced. This w'as 
coupled with tribenzoyl-galloyl chloride in presence of quino- 
line; and the result was a hepta-(tribenzoyl-galloy])-jt?-iodo- 
phenyl-maltosazone. The number of acyl radicles in the mole- 
cule was determined by an estimation of the iodine percentage, 
which gave such sharp results that no doubt was left to the 
homogeneity of the material. The formula of this new gigantic 
molecule can be represented thus : 

CH2.0.C0.CeH,(0.C0.CeH5)3 

I 

,CH 

/I 

I.C 6 H 4 .NH.N : CH / CH.O.CO.C6H2(O.C0.06H3)3 

I / ! 

I.C 6 H 4 .NH.N : C 0\ CH.0.C0.C6H2(0.G0.C6H5)3 

I \ I ' 

(G6H5.C0.0)3G6H2.C0.0.CH \ GH.O.GO.G3H3(O.GO.G6H5)3 

GH— 0— CH 

(CeH3.CO.O)3G3H3.CO.O.CH 

i 

(C3H3.C0.0)3C3H3.C0.0.CH3 

Hepta-{tribenzoyl-ganoyl)-j?-iodophenyi-maItosazoae. 

This formula corresponds to C22oHi42058i^4l2j ^be compound 
has a molecular weight of 4021. It is over three times as heavy 
as Fischer’s most complex polypeptide and is by far the most 
massive molecule yet synthesized with a known structure. 

The compound is an amorphous, clear-yellow powder, very 
slightly soluble in alcohol and ligroin, easily soluble in acetone, 
chloroform, and benzene. It begins to decompose at about 
145° C., and at 160'’ 0, it is converted into a red liquid. An 
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attenipt was made to determine its molecular weight cryoscopi- 
cally, with bromoform as a solvent ; but great difficulty was 
found in removing the last traces of the solvents with which 
the material had been purified, since these were hard to drive 
out of the amorphous body. The molecular weight results gave 
an average of 3503 instead of 4021. When the experimental 
difficulties of purification are taken into account, this seems a 
very good result, and it certainly shows that the freezing-point ' 
method is not completely at fault even in extreme cases like this, 
since it at least enables us to say that the substance is mono- 
molecular. 


L. — The Ellagitatoixs 

These are related to the depside tannins and yield ellagic acid 
on hydrolysis. Very little is known about the structures of 
this type of tannin. One hypothesis is that it is a galloyl deriva- 
tive of ellagic acid of the t57pe shown (1.).^ 

OH 


HO- 




-CO. 


OH 


HO- 
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iO-O— l^^—OH 
0. — CO- 


OH 




-OH 


OH 


(I) 


This view is supported by the fact that a synthetic tetra- 
galloyl ellagic acid had properties closely resembling those of 
ellagitannin.^ Ellagic acid itself is an interesting compound 
and is related to both the normal depsides and the oc-pyrones. 
It has the molecular formula Oi4H60g and forms a tetramethyl 
ether, indicating the presence of four free hydroxyl groups in 
the molecule. On being boiled with potassium hydroxide it 
yields pentahydroxydiphenyl-methylolid (III.).® On fusion with 
alkali the product is hexahydroxydiphenyl (IV.).^ When the 

^ Perkin and Hierenstein, J., 1905, 87, 1427. 

“ Nierenstein, Her., 1911, 44, 837. 

^ Perkin and Merenstein, Zoc. cit. 

^ Barth and Goldschmiedt, Her., 1879, 12, 1242. 
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tetrametliyl 4t]ier of ellagic acid is treated with methyl iodide and 
aloc>iiolic potash it is converted into diphenyl 3 : 4 : 5 : 8 : 9 : 10- 
hexamethoxy-1 : 6-dicarboxylic methyl ester (V.) and diphenyl- 
methylolid - 3 : 4 : 5 : 8 : 9 - pentamethoxy- 6 - carboxylic methyl 
ester (VI.). ^ ^ Ellagic acid may readily.be prepared from gallic 
acid (VII.) by oxidation. Taking the known facts into con- 
sideration the most suitable structure for ellagic acid is (II.). 
This has been written in two ways, (A) and (B), to bring out the 
connection with the normal depsides on the one hand and on 
the other to show the relationship to the a-pyrones. 



M.— -The Phlobatahkins 
L Introdmtory 

These substances come under the heading of non-hydrolysable 
tannins, very little is known about the structures of many of them. 
The catechol tannins have received the most attention. 
Catechins have been isolated from a large variety of plants, 

^ Herzig and Poliak, Ilonatsh.) 1908, 29, 263. 
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particularly from the bark of trees. Catechin itself is not a 
taimin, but is presumably a degradation product of tannins. 
It has been given the structure (I.). 

OH 


0 . 


HO 






H 
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^OH 


4 =C-OH 

i X^H 

OHH H 


(I*) 

Inspection of tliis formula shows that it contains two asym- 
metric carbon atoms, (2) and (3), in the heterocyclic ring. In 
addition to optical activity there is the possibility of cis- and 
iraws-isomerism due to different arrangements of the groups 
and atoms attached to these two carbon atoms. Further, if 
natural substances exist in which the hydroxyl group and the 
side-chain catechol nucleus occupy other positions in the hetero- 
cyclic ring, it is evident that a large number of isomers of different 
types may exist and that great caution is necessary in interpret- 
ing experimental results. 


2. The Structures of the Catechins 

On fusion with alkali catechin decomposes with the production 
of protocatechuic acid and phloroglucinol, 


OH 


HO 


OH 

pWoroglucinoI / 
part y 



protocatechuic 

part 


Catechin forms penta-acetyl and penta-benzoyl derivatives, a 
tetramethyl ether and an acetyltetramethyl ether, and with 
some difficulty a pentamethyl ether. ^ When the M 

i von Kostaneoki et al., J5er., 1902, 85, 1867, 2410; 1903, 39, 4007; 1907, 
40, 4910. 
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ether was oxidized with potassium permanganate it yielded 
veiatric acid as one of the products.^ The penta-acetyl deriva- 
tive when heated with an alcoholic solution of potassium acetate 
lost four of its acetyl groups. These facts point to one of the 
five hydroxyl groups being alcoholic in type. When catechin 
tetramethyl ether was reduced with sodium and alcohol and then 
methylated with methyl sulphate a compound was formed, 
" which was shown by its synthesis to be 2 : 4 : 6 : 3' : 4'-penta- 
methoxy-ay-diphenylpropane.^ This synthesis was carried out 
as follows, phloroacetophenone (IL) and veratraldehyde (III.) 
were condensed with the formation of 2 : 4 : 6-trimethoxyphenyl- 
3' : 4'-dimethoxystvrl ketone (IV.), The unsaturated ketone on 
reduction yielded 2 : 4 : 6 : 3' : 4' -pentamethoxy- ay -diphenyl - 
propane (V.). 



Oyanidin chloride (VI.) has been reduced by means of platinum 
and hydrogen to yield r-epicatechin (VII.), which can be iso- 
merized to r-catechin.^ Similarly cyanidin pentamethyl ether 

i Perkin and Yoshitake, J„ 1902, 81, 1162 ; I90o, 87, 398. 

^ Frendenberg, Ber., 1920,53, 1416. 

^ Frendenberg, Fikentscher, Harder^and Schmidt, Annalen, 1925, 444, 134. 
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can be reduced to pentamethyl-r-catecbin, and fisetmidm 
chloride yields quebracho catechin.^ The reduction of cyanadin 
cliloricle may be formulated as, 



The identification of the reduction product of methylated catechin 
as an ay-diphenylpropane derivative, and the transformation of 
cyanidin chloride into catechin leave very Uttle doubt about the 
structure of catechin. The following isomers have been isolated, 
catechin from gambier catechu yields d-, I- and r-catechins, 
acacia heart-wood yields Z-epcatechin and a small amount of 
r-catechin and pegu catechin yields I- and r-epicatechin. ci- 
.Bpicatechin has been isolated by the isomerization of d-cateclnn. 
In opposition to these views of the structures of the catechms 
it has been claimed that the catechin from acacia heart-wood 
is not a stereoisomer but a position isomer, acacatechin of the 
structure (VIII.), and in support of this two syntheses have 
been given, (a) from Weucomaclurin-glycol ether (IX.), a,nd 
(b) by ring closure of the compound (X.) followed by reduction 
of the carbonyl group.® 



OH OH 


(IX) " -:(x) ; v: 

^ Ereiidenberg and Maitland, J. Soc, Leather Trades Cheni., 19o4, 18, 156. 

2 Freudenberg et al., Ber., 1921, 54, 1204; 1922, m, 1734: ; Annalen, 1924, 

437 ■'■274. ■ ' ■ " ' ' 

3 Nierensteiii, 1913, 396, 194; J., 1920, 971, 1151 ; 1921, 164; 

1922, 601 ; Ber., 1922, 55, 3831 ; J. Amer. Chem. Soc., 1926, 84, 1964 ; 1930, 
52, 1672. 
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It lias befen found that the hydrazine derivative of tetra- 
methyl-i^-cateohin formed through its toluene sulphonic ester is 
very hard to dehydrate. On the other hand by the same treat- 
ment tetramethyl-epicatechin (XI.) readily yields its dehydra- 
tion product, tetramethylanhydroepicatechin (XII.). For these 
reasons catechin is regarded as the irows-compound and epi- 
cateehin as the cjs-form.^ The steps in the dehydration have 
'been formulated as follows : — 



\ 


,4o-so5-c.: 
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H H 
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.CcNH-NHg 

X H 

H H 



( xm ) ( XII ) 


The anhydro-compound (XII.) in acetic acid solution adds 
on one molecule of water and is converted into the chalkone 
derivative (XIII.) of known structure. The fact that tetra- 
methylanhydroepicatechin (XII.) is optically inactive eliminates 
the possibility of a double bond being between carbon atoms (3) 
and (4), and consequently rules out position (4) for the hydroxyl 
group in the original catechin (XI.). A position isomer (XVIL) 
of tetramethylanhydro-dl-catechin has been isolated by heating 
the catechin sulphonic ester (XV.) for a considerable time with 
quinoline. This same compound was obtained by converting 
tetramethylcatechin (XIV.) into its chloride (XVI) and then 


^ Freudenberg et al., A%nakn, 1924 436, 286 ; 1925, 441, 309. 
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removing one molecule of hydrogen chloride by olie action oi 
pyridine.^ These changes are formulated below, 

a 




The wandering of the veratryl group has been confirmed 
by the synthesis of the hydrogenation product through the 
oxonium chloride (XIX.). This chloride on reduction with 
platinum black afforded 3-(3' : 4'-dimethoxyphenyl)-5 : 7-dimeth- 
oxychroman (XVIIL) identical with the hydrogenation product 
obtained from the methylated natural catechin. 


3. The i-Hyd/roxy Flavans and Flavpinacols 

Turning now to another aspect of the problem of the structure 
of the phlobatannins, the 4-hydroxy flavans are of interest on 
account of the relationship between them and certain natural 
phlobatannins. When the resorcinol derivative, resacetophenone 
dibenzoate (I.), was condensed with protocatechualdehyde di- 
benzoate (II.) by means of hydrogen chloride in etliylaoetate, 
2:4:3': 4'-tetrabenzoyloxychalkone (III.) was formed. The 
corresponding hydroxy compound, 2:4:3': 4'-tetrahydroxy- 
chalkone (IV.) was isolated on debenzoylation. Reduction of 

^ Brumm, Maemahon, and Ryan, Proc. Roy, Irish Acad,^ 1923, S9B, 41 ; 
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the tetraliydfoxy compound (IV.) with zinc, dust gave the bis- 
compound (VI.). Ey measuring the amount of hydrogen 
absorbed during the reduction of the chalkone it was concluded 
that the 6is-compound was formed and not the simpler flavan 
(V.).^ The steps are formulated below.'^ 





reduction 


(IV) 



(III) 



By the same methods bis-{5 : 7:3': i-'tstrahydroxy) flav- 
pinacol and the 7 : 8 : 3' : 4'-tetrahydroxy compound were 
prepared. All these compounds bear a close resemblance to the 
natural hemlock phlobatannin. An exhaustive comparison of 
the colour and precipitation reactions of hemlock tannin with 
those of the synthetic flavpinacols showed striking resemblances 
between the two groups. Similarly the absorption spectra of 
the two groups are practically identical. ^ There can be no 
doubt that hemlock tannin is closely related to these flavpinacols. 

^ Russell, J., 1934, 218 ; Russell and Todd, tdid., 1066, 1506. 

2 Russell, Todd, and Wilson, J., 1934, 1940. 


CHAPTER XII 
THE LIG^AWB 

1. Intfodmtory ^ 

These compounds occur principally in natural resins and in 
the wood of the Coniferae. They have also been obtained from 
the seeds, roots and leaves of various other plants. The lignans 

C C 

II 

contain the skeleton Cg — C — G — G — G — Gg, and are phenolic in 
character. Structurally they may be regarded as derived from 
two molecules of coniferyl alcohol (I.). The aromatic portions 
of the molecule are in most cases derived from guaiacol. The 
simpler members of the group, such as ^-guaiaretic acid (II.) and 
Z-matairesinol (HI.) are open-chain aryl compounds. In some 
cases they are tetralin derivatives due to cyclic condensation of 
the aliphatic part of the molecule. Examples of this t}^e are 
Z-podophyllotoxin (IV.) and Z-conidendrin (V.). The lignans 
have been conveniently classified as, (a) diary Ibutanes (II.) and 
(III.), (b) tetrahydronaphthalenes (IV.) and (V.), and (c) tetra- 
hydrofurans (VI.) and (VII.).^ 

It is an interesting fact that the lignans form part of the 
large group of natural compounds containing the structural 
unit Gg — Og.^ It is assumed that glucose is the parent natural 
material and that its fission accounts for the Gg unit.® Tyrosine, 
cinnamic acid and its numerous relatives, such as coniferyl 
alcohol and coumarin are simple examples of this association of 
Gg and Gg units. The more complex molecular groupings of the 
flavones and the related anthocyanidins and catechins contain 
the grouping Gg — Gg with another hexose unit attached normally 
to the triose unit, / 

0 

^ Ha worth, Nature^ 1941, 147 , 255. ® Haworth, he. cit. 

® Eobinson, Proo, Univ. Durham Phil. Soc., 1927-28, 8, 14. 
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Inspectioif of tlie structures assigned to the lignans shows 
thatHhese molecules are made up of two Cg— Cg groups linked 
together through p-carbon atoms of the triose parts. 

A large number of lignans have been isolated and 
their structures made clear. Three typical compounds will 
be dealt with here to give an insight into the methods 
employed in the determination of constitutions in this group 
of xesin acids. 


PH2OH 


(I) coniferyl alcohol (11) l-guaiaretic acid (III) l-matairesinol 


(V) 1-conidendrin 


(IV) hpodophyllotosin 


(VII) d-pinoresinol 
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2. Qmiaretic Acid 


Guaiaretic acid, C20H24O4, is a constituent of guaiacum resin 
obtained from tbe beartwood of Guaiacum officinale or of 6^. 

\ sanctum. It is optically active, showing a tevo-rotation of 
94"^ Wd- The acid yields a diacetate and a dibenzoate, and when 
treated with methyl sulphate and hot aqueous-alcoholic potassium 
hydroxide it is converted into a derivative containing four^ 
methoxy groups, This points to the presence of 

two hydroxyl and two methoxyl groups in the molecule. On 
^.^teduction giiaiaretic acid and its tetramethoxy-derivative both 
yield dihydro-compounds. There is, therefore, an ethylenic 
linkage in the molecule. Guaiaretic acid when heated yields 
2 : 3 - dimethyl - 6 - hydroxy - 7 - methoxynaphthalene (I.) ^ (pyro- 
guaiacin). 


CHg H 


CHsO/^V^pOHs 

CHjOr^^ 

C— CH3 


“V 

1 

C— CHs 

Z' 

(I.) 


CH (II.) 

1 






s^/OCE, 



CH 


Dihydroguaiaretic acid obtained from guaiaretic acid is a mix- 
ture of optically active and inactive compounds. The inactive 
compound is thought to arise from internar compensation due 
to the formation of a second asymmetric carbon atom as a result 
of the reduction. Taking all these facts into consideration a 
possible structure for guaiaretic acid is (II.). This has been 
confirmed by the synthesis of dZ-dihydroguaiaretic acid dimethyl 
ether (IX.) in the following way. Methyl p-3 : 4-dimethoxy- 
phenyl-a-methylpropionate (III.) and 3 : 4-dimethoxyphenyl- 
acetonitrile (IV,) in benzene solution were condensed by means 
of potassium ethoxide and yielded the cyano-ketone (V.). This 


^ Schroeter, Lichtenstadt and Irineu, Ber.^ 1918, 51, 1537 ; Haworth and 

.'Mavin, /.,.i932, 1485.'' ■ 
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substance on? bydrolysis was converted into p-keto-aS-Jis-B : 4- 
dimettioxyplienyl-y-metliylvaleramide (VI.)* Alkaline hydrolysis 
eliminated the amido group from this compound with the forma- 
tion of the ketone (VII.). The action of methyl magnesium 
iodide converted the ketone into the corresponding carbinol 
(VIII.), which on dehydration with potassium hydrogen sulphate 
yielded dZ-guaiaretic acid dimethyl ether (IX.). The guaiaretic 
acid was reduced by hydrogen in the presence of palladised 
charcoal to di-dehydroguaiaretic acid dimethyl ether (X.) 
identical with the corresponding compound prepared from 
natural guaiaretic acid.^ 

The structural steps are as follows : — 


no 

HG-CONK- 


COOCHg OH 
CHp-CN ' EtONa 


(VI) OCHg 
iNaOH 


KHSO, 


CH^Mgl 


1 Haworth, Mavin, and Sheldrick, 1934, 1423- 
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3. Conidendrin (Tsugaresinol) 

Conidendrin was first isolated from waste sulpMte liquors, 
and later from tie wood resin of Japanese iemlock and European 
spruce.^ It lias tie molecular formula C2oH2oO@. It forms a 
diacetate, yields a hydroxy-acid, G20H22O7, and can be converted 
^ into a tetramethoxy compound by the action of methyl sulphate . 
Conidendrin, therefore, appears to be a diphenolic dimethoxy ^ 
lactone.^ When the tetramethoxy compound was oxidized with 
potassium permanganate one of the products was 4 : 6 : 3' : 4'- 
tetramethoxy-2“benzoylbenzoic acid (I.) ; when the oxidizing 
medium was alkaline sodium hypobromite, in addition to the 
benzoylbenzoic acid derivative, a dibasic acid, C22ll24,Og (II.) 
was isolated. The dimethyl ester of this acid when dehydro- 
genated by the action of lead tetra-acetate was converted 
into methyl 6 : 7-dimethoxy“l-(3' : 4'-dimethoxyphenyl) naphtha- 
Iene’-2 : 3-dicarboxylate (III.).® 



Bearing in mind the fact that the dibasic acid (II.) was obtained 
from methylated conidendrin by oxidation two possible structures 
for conidendrin are (IV.) and (V.), the phenolic hydroxyl groups 
being placed at the positions shown from the relationship with 
other natural compounds. 

The positions of the hydroxyl groups were established by 
ethylating conidendrin and then oxidizing- the product with 

^ Lindsay and Tollens, Annulerif 1892, 267, 353 ; Kawamura, Bull, Imp. 
Forestry Exp. SfaL Tokyo, 1932, 31 , 73. 

2 Hoimberg, Svensk Kemish Tidskrift, 1920, 32, 56 ; Ber., 1921, 54 [B] 2389 ; 
Holmberg and Sjoberg, ibid,, 2406, 

^ Erdtman, Anmlen, 1934, 513 , 229. 
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(IV.) Conidendrin (V.) 

permanganate. The compound isolated was 5-methoxy-4- 
ethoxy-2-(3'-methoxy-4'-ethoxybenzoyl) benzoic acid (VL). The 
production of this substance leaves no doubt about the positions 
of the free phenolic groups in conidendrin.^ Turning now to the 
exact arrangement of the lactone ring. When natural coni- 
dendrin was methylated and then dehydrogenated by means of 
lead tetra-acetate a lactone, 022H2oOg was isolated. This com- 
pound was the naphthalene derivative (VII a.) or (VII b.) with 
the lactone ring of conidendrin intact. 

tt pOOH ^ ^ .CO N ^ /QHs 

yy y 

. ^ CH30V A / A A / 


OO2H5 OCH3 

(VI) (Vila) (VII b) 

On this assumption the two naphthalene derivatives corre- 
sponding to structures (VII a.) and (VII b.) were synthesized by 
unequivocal steps, and that of type (a) was shown to be iden- 
tical with the lactone derived from conidendrin.^ The synthetic 
lactone (VII a.) was prepared in the following way. Veratralde- 
hyde (VIII.) and sodium j3-(3 ; 4-dimethoxybenzoyl) propionate 
(IX.) were condensed by means of acetic anhydride to give a 
lactone, which was hydrolysed to the free acid (X.). This acid 

^ Haworth and Sheidrick, J., 1935, 636. 

2 Haworth, Richardson, and Sheidrick, 1935, 1676. 
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wi.th formaldehyde in cold alkaline solution gave a quantitative 
yield of the benzylidene derivative (XI.). ^ 

The action of warm methyl alcoholic hydrogen chloride on the 
benzylidene derivative resulted in cyclisation and chlorination. 
The product isolated was the methyl ester (XII.). Finally^ 
alkaline hydrolysis followed by lactonisation of the naphthalene 





jCHaOH 

|HCi 
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derivative yielded the lactone of 6:7- dimethoxy - 1 - (3' : 4' - 
dimethoxyphenyl) - 2 - hydroxymethylnaphthalene - 3 - carboxylic 
acid (XIII.)-’’ Consequently structure (IV.) must be given to 
conidendrin. 

The close structural relationship of conidendrin to hgnans of 
the other two types is shown by the ready interconversions which 



(XIV) l-matairesinot (XV) l-conidendrin 



1 Haworth and Sheldriok. J., 1935, 636. 
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take place. 1-Matairesinol (XIV.) wMch belongs (o tbe diaryl- 
bntane group, can be condensed to yield Z-conidendrin (XV.), 
and pinoresinol (XVIII.) through d-lariciresinol (XVIII.), both 
of the tetrahydrofuran group, can be isomerized to c^-*solarici- 
resinoi (XVI.), which in its turn yields 1-conidendrin dimethyl 
ether by methylation and oxidation. The structures are shown 
" on p. 879. 


4. d-Laridresinol 

Lariciresinol was first isolated in 1897, from the resin of the 
European larch {Larix decidua).^ Its structure has recently 
been made clear and the compound classified as a lignan of the 
tetrahydrofuran group.^ Its molecular formula is C20H24O8. 
There are two methoxyl and three hydroxyl groups in the 
molecule. Two of the hydroxyls are phenolic and the third is 
primary alcoholic in character. The sixth oxygen atom is inert 
to carbonyl group reagents, and was consequently thought to 
be ethereal. This conclusion was supported by the fact that 
lariciresinol can be isomerized to a compound containing foui' 
hydroxyl groups in the molecule. The origin of this additional 
hydroxyl group is presumably the ethereal oxygen atom. Larici- 
resinol when heated yields guaiacol (I.) and pyroguaiacin (II.). 
Methylated lariciresinol can be oxidized by potassium permanga- 
nate to veratric acid (III.), and the ethylated lariciresinol to 
3-methoxy-4-ethoxybenzoic acid (IV.). 

CH30f'Y\cH3 CH 30 ^^C 00 H cH 30 |/VcO 0 H 

(t) (11) (in) (IV) 

When the isomer of lariciresinol was methylated and then 
oxidized with permanganate the product was 2-veratroylveratrie 
acid (V.), and the ethylated compound yielded 6-methoxy-4- 
ethoxy-2(3'-methoxy-4'-ethoxybenzoyl) benzoic acid (VI.). 

1 Bamberger, Momtsh., 1897, 18, 481 ; 1899, 30, 647, 745 ; 1900, 21, 564 ; 
1902, 23, 1022 ; 1903, 24, 209 ; 1917, 38, 457. 

2 Haworth and Kelly, 1937, 384. 
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OC2H5 

(VI) 


OH 

(VII) 


This behaviour of isolariciresinol on oxidation with permanganate 
is parallel with that of conidendrin with the same reagent. Iso- 
lariciresinol is therefore considered to be, like conidendrin, a 
phenyinaphthalene derivative, and its formation from larici- 
resinol to involve cyclisation of a diarylbutane. The diaryl- 
butane structure for lariciresinol is supported by the fact that 
it yields pyroguaiacin (11.) on distillation, just as guaiaretic acid, 
a diarylbutane, does on similar treatment. The partial formula 
(VII.) may, therefore, be written down for lariciresinol. 

When the dimethyl ether of isolariciresinol was oxidized with 
sodium hypobromite it was converted into Z-conidendrin dimethyl 
ether.^ 


a CHg^/CHsOH 

^CH 


CH 30 ^s 


CH2 

"^CHOHgOH 

CH-CHgOH 

CHo 


OCH3 

(TX) 


And as isolariciresinol contains four hydroxyl groups, two of 
which only are phenolic ; the structure may, therefore, be com- 
pleted as shown (YIII.), 

Lariciresinol dimethyl ether can be reduced to the did, 
aS - di- (3 : 4-dimethoxyphenyl)- jBy - di - (hydroxymethyl) - butane 

^ Haworth and Kelly, loc. cit 
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(IX.).^ The relationship of this compound and of isolariciresinoi 
to lariciiesinol indicates clearly that the last-named substance 
contains an ether linkage in the molecule. No direct evidence 
has yet been advanced for the tetrahydrofuran linkage in larici- 
resinoh the properties of the closely related pinoresinol and 
of lariciiesinol itself make the furan structure more acceptable 
than any other, such as the propylene oxide arrangement. 

Lariciresinol may, therefore, be formulated as (X.). 


CH3O 

HO 




CHo— OH 

r ! 

0 CH.CHjOH 

s/ 

C— H 


/\ 

CH2OH 

\^0CH3 

OH 

CH3OH l^j. 

(X.) 

(XL) 


hOCHs 

OH, 


It will be noted that the structure of the diol (XI.) derived from 
lariciresinol is a symmetrical one, and that furan formation from 
either alcohol group would lead to the same compound. 


^ Haworth and Woodcock, J., 1939, 1054. 


1 


CHAPTEE XIII 

SOME THEOEIES OF THE NATURAL SYNTHESIS 
OF VITAL PRODUCTS* 

1, Introductory 

When we survey that portion of organic chemistry which deals 
with compounds derived from natural sources, it is impossible 
to overlook the fact that, although many of these substances 
can be synthesized in our laboratories, the methods which we 
employ there differ entirely from those which are utilized in 
the natural production of the same substances by physiological 
or phytological means. 

The first great difference between the lines of syntheses is 
found in the ranges of temperature employed in the two cases. 
In the plant or in the animal body, the reactions which build 
;fp extremely complicated products take place, obviously, within 
very narrow temperature limits ; whilst in our laboratories the 
temperature conditions may vary from one another by as much 
as 300"^ C. Not only so, but we press into our service reagents 
of such instability and reactive power that it is impossible to 
conceive their coming into existence at all in the animal or 
vegetable kingdom. 

It may be argued that this is only natural. After all, our 
object in laboratory practice is to obtain the best yield in the 
shortest time ; and a resort to natural methods may be regarded 
with the same distaste as might be shown by a traveller from 
London to Inverness at the suggestion that he should tear 
up his first-class railway ticket and perform his journey on foot. 
But on the other side there is something to be said also. Very 
little is as yet known about vital syntheses ; and it is quite 

* When this chapter was under consideration. Professor Collie, at my 
request, sent me a communication embodying some of his views on the subject ; 
and these appeared to me to necessitate the re-writing of the major part of 
the chapter on the basis of his notes. To avoid continual reference to this 
private communication and at the same time to indicate his share in the matter, 
I have placed a f at the begimiing of each paragraph which is derived from 
his notes. — ^A.W.S. 
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possible that the methods adopted by the living niacMne, when 
we come to understand them, may be simpler and more efficient 
than our present-day, laboratory reactions. Even if this view 
proves to be erroneous, there can be no doubt that attempts to 
throw light upon plant and animal methods will broaden our 
outlook upon organic chemistry as a whole; for at present 
organic chemists, almost without exception, leave this branch 
of the subject severely alone. 

f One reason for this abstention is perhaps to be found in the 
manner in which our chemical literature is compiled. In the 
textbooks of the subject, the naturally occurring substances are 
not grouped according to their place of origin but are arranged 
under the headings of alcohols, acids, etc., and are scattered 
about the literature merely to fill up gaps in long lists of arti- 
ficially prepared compounds.^ Organic chemistry of to-day is 
not properly organic chemistry at all, but has swollen into a 
chemistry of thousands of carbon compounds which do not occur 
in nature. Many of these synthetic compounds are the result 
of the immense industry of chemists who have been misled by 
the idea that a new compound must necessarily be interesting': 
and also of the very narrow outlook of certain other chemists 
who think that a graphic formula is the be-all and end-all of 
the science. 

f Of course the chief reason why in textbooks we find so 
little information about how ” and why certain cornpounds 
are produced in plants and animals is because we do not know 
the answers to the questions involved. In the plant, for example, 
there appears to be no step-by-step process for making more and 
more complex materials, as we do in the laboratory. Carbon 
dioxide, water, and nitrogen, combined or otherwise, are absorbed 
by the green plant in sunlight. The first substances which 
can be isolated from the reaction products are sugars, the next 
ones are the highly complex starches, celluloses, and proteins. 
All the organic compounds such as acids, esters, fats, colouring 
matters, and alkaloids are most probably formed by a down- 
grade process : a decomposition of the starches, celluloses, and 
proteins. The chemist in his. laboratory seeks to make these 

^ Haas and HiiPs Chemistry of Plant Products gives an exeeUeiit survey of 
the “ organic ” field, and should be consulted by any one who desires to go 
further into the subject. 
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compounds by syntheses from simpler bodies ; the plant appears 
to produce them by a reverse operation from stored-iip material 
of an extremely complex molecular structure. 

f Some of these down-grade processes can be followed to 
a certain extent in the laboratory. Celluloses, starches, and 
proteins can be hydrolysed, oxidized, or otherwise decomposed. 
But our methods, as a rule, are too violent ; and the fine grades 
■^of reaction which take place slowly at ordinary temperatures in 
plants have, up to the present, defied imitation in the laboratory. 

f Nevertheless we must not lose sight of the fact that although 
natural reactions often seem to operate in a way quite different 
from laboratory reactions, yet both sets must obey the same 
laws. Therefore, if we find that in the synthetic processes of 
our laboratories certain lines are followed under conditions which 
could exist in plants, we are not far wrong in assuming that, 
in the down-grade processes of nature, the same general direction 
will be taken in the formation of products. 

f Another point arises here. All reactions which are likely 
to be employed in vital syntheses are reversible ; and hence 
if they be carried out in glass test-tubes they must come to 
an equilibrium point, except in those cases wherein gaseous 
products are formed. How, then, does the plant succeed in 
producing its high yields of certain substances which, in a test- 
tube, would be formed only in minor quantities from the same 
reagents ? When we examine the living plant, we are at once 
struck by the wonderful mechanism of the natural chemical 
laboratory which we find there. It is a system of test-tubes 
made of cellulose and differing from ordinary test-tubes in that 
the walls are constructed from semi-permeable membranes. 
Each cellulose test-tube is immersed in a solution differing from 
that which is contained within the cellulose vessel. The mem- 
brane acts not only as a container, as the glass test-tube does, 
but in addition it behaves as a filter, a concentrator, or a 
separator. Thus during the progress of a down-grade reaction 
in which a complex molecule is broken up into constituent 
parts, the cellulose wall permits a certain product to accumulate 
in one part of the plant whilst a mixture of other compounds 
may be withdrawn to a different region. In this way the ordinary 
equilibrium stage of the reaction is evaded ; and much higher 
yields may thus be attained. 

VOL. II. 2 0 


386 RECENT ADVANCES IN ORGANIC CHEMISTRY 

f But wliat starts tMs down-grade process ? Clnce tlie plant 
has synthesized its starches, etc., why are these substances^ not 
stable, as they are when we place them in bottles in a chemical 
museum ? To answer this question we must know how the 
plant grows ; and what is meant by a living material as opposed 
to dead matter. The differences between the two are much too 
marked to allow of dispute. 

f When a crystal grows in a solution, we may regard the^ 
process as the first glimmering of individual life in that particular 
substance. Infinitely more complex is the growth of proto- 
plasm from carbon, hydrogen, nitrogen, and oxygen; the 
smallest particle of protoplasm is inconceivably greater than the 
atoms from which it has been built up. Still more complex 
is the growth of a plant from the seed. In all these cases a 
directive agency seems to be at work. Whether further investi- 
gation will or will not show that all these phenomena can be 
explained by purely chemical and physical laws, time alone can 
show ; but it is quite certain that at present the only scientific 
course is to admit that we do not know. The chemical reactions 
w'hich take place in the living plant are in certain respects s%.. 
different from those which go on in the laboratory that we are 
forced to recognize the action of some subtle agency which, up 
to the present, we have been unable to imitate. 

f Let us return to the degradation of the starches, celluloses, 
and proteins. The plant, under the' action of sunlight, has 
stored these substances in its body and has grown to its full 
size. The directive force begins to get exhausted ; the plant 
is growing old ; most of its starches are now used up ; and the 
celluloses and proteins are beginning to undergo more and more 
rapid decomposition. The down-grade process has set in with 
increasing velocity. The plant is still alive, but the system is 
losing instead of gaining energy. Fermentations have begun ; 
but fermentations will only explain a part of the process, for 
they are catalytic reactions which would, normally, reach their 
equilibrium stages whether the plant were young or old. The 
enzymes causing them are chemical reagents which enable part 
of the stored-up energy in the plant to be set free again ; but the 
actual disturbance of equilibrium is due to the separation and 
segregation of the reaction products by the semi-permeable 
membranes. 
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It seems fmot impossible that the later stages in the life- 
history of a plant are brought about by some change in the 
nature of its cell- walls, akin, perhaps, to the ossification of 
arteries which sets in within the animal body under somewhat 
similar conditions. If, at this stage, the cells ceased to act 
as semi-permeable membranes, the whole machinery of the 
plant would become choked with by-products, and the natural 
’^changes which are necessary in living matter would gradually 
come to an end. 

f During the growing phase of the plant, starches, cellulose, 
proteins, and enzymes are produced ; but as the plant ages, 
the growing energy lessens, the enzymes get the upper hand 
and prey upon the substance of the plant. They are the parasites 
which finally kill their parent. 

f Considering the importance of the ferments in the scheme 
of nature, it is extraordinary to notice how very briefly they 
are referred to in most textbooks of organic chemistry ; ^ and 
the textbook reflects to a great extent the outlook of the average 
organic chemist. It is hardly to be wondered at if the new 
generation of organic chemists, trained by such methods, becomes 
imbued with an almost superstitious reverence for the deluge of 
organic compounds which have been spawned in thousands in 
chemical laboratories for, apparently, no useful purpose whatever. 

2, The General Course of Vital Syntheses and Degradations 

f When the action of the living machine is considered in its 
broadest aspects, there seems to be no doubt that it can be 
regarded as divisible into two opposed processes. In the first 
group come the synthetic reactions by means of which the 
products assimilated by the plant or animal are converted into 
extremely complicated celluloses and proteins ; whilst in the 
second class are placed those decompositions and changes which 
convert the celluloses and proteins into simpler substances. 
The first series of reactions are probably carried on with the 
absorption of external energy ; the second group comprises 
reactions which liberate this energy once more. It may be 

i Haas and Hill, in their Chemistry of Plant Products^ give a very good 
summary of the nature of enzymes and their action in plants. See also Bayiiss, 
Nature of Enzyme A cMon. ^ 
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convenient at this point to give a table indicating the course 
of vital action in the two cases : — ® 


Terpenes 


CO2+H.O 

Sugars 

Starches 

Celluloses 


Lignocelluloses 


Benzene Pyrone 

Derivatives Compounds J 


Energy absorbed 


Energy liberated 


C0,+ H,0 + NH3 
Proteins 


Energy absorbed 




Purines 


Albumoses 

Peptones 

Polypeptides 

i 

Amino-acids 


Energy liberated 


In the cellulose synthesis, the reactions lead to the for- 
mation of long chains built up from sugar molecules ; for 
hydrolysis of cellulose yields simple carbohydrate derivatives 
almost unaltered. In this case'—after the initial produetion 
of formaldehyde— the reactions are obviously quite uncom- 
plicated and appear to be simple polymerization and dehydration. 

The transformation of the celluloses into lignocelluloses is 
evidently more complex, as the latter compounds appear to 
contain cyclic nuclei of various types; and from them the 
aromatic and heterocyclic substances formed in plants may be 
produced by a series of degradation reactions. 
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Turning to the proteins the same holds good in general. 
Thelirst stage must be the formation of simple amino-compounds 
which have not yet been isolated and proved to take part in 
the synthesis. From these, by dehydration, the proteins are 
formed. After this, fermentation yields simpler substances 
which are classed as albumoses. Further degradation yields 
peptones, which are closely akin to the albumoses ; and finally 
hhe material breaks down into polypeptides and simple amino- 
acids. 

3. Possible Reactions in Vital Syntheses 

In attempting to deduce the actual processes which lead to 
the formation of natural products, we are faced by two facts. In 
the first place, we are able to rule out as impossible such re- 
actions as depend upon high temperatures and violent reagents ; 
but, in the second place, we are not entitled to assume that, 
because up to the present we have not succeeded in making a 
reaction go ’’ at ordinary temperatures, it is therefore impos- 
sible for such a reaction to proceed effectively under these 
conditions. The safest course is obviously to confine ourselves 
as far as possible to reactions involving mild reagents and capable 
of proceeding economically at ordinary temperatures ; though 
at the same time we need not exclude other reactions entirely. 

Limiting ourselves thus, the choice before us is by no means 
so restricted as might at first be expected. Polymerization, 
condensation, hydrolysis, hydration and other addition reactions, 
dehydration, oxidation, reduction, and intramolecular change 
are all reactions which are known to be capable of taking place 
at ordinary temperatures. 

With regard to poljunerization the data are too numerous 
to need reference in detail. The polymerization of aldehydes, 
the production of truxillic acid from cinnamic acid under the 
action of light, the conversion of ethylene into higher hydro- 
carbons and the synthesis of rubber from isoprene are too well 
known to render it necessary to discuss them. 

When we come to condensation the matter demands a more 
careful scrutiny ; for various types of reaction are involved, each 
of which has a particular application to the problem before us.^ 
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Tlie aldol condensation ^ can be carried out wilfL tbe help of 
traces' of foreign materials; nnd it is noteworthy that aiifong 
these catalysts are to be found salts such as the acetates, car- 
bonates, and bicarbonates of the , alkalis, all of which might, be 
found in the saps of plants.^, Now the aldol condensation not 
only provides ' a means whereby carbon chains may be formed 
from shorter groups : 

CH3 . CHO +OH3 . CHO - CH 3 -CH( 0 H)~CH 3 — CHO 

but in addition it also gives rise to carbocyclic derivatives : ^ 

OH3— CO— CH2—COOE CHg—CO— CH— COOR 

+ I 

ECHO ■> CH3 CHs 

+ I 

CH3-CO-CH3— COOR CO— CH— COOR 

CH3— C(OH)— CH— COOR 


CH, 

CHa 

CO— 

— CH— COOE 


The benzoin condensation might also be reckoned as a prob- 
able vital reaction, for, although it is usual to employ heat in 
the laboratory, it seems evident that this condensation proceeds 
at ordinary temperatures at a slower rate. 

The second class of condensation under consideration includes 
those reactions in which ammonia molecules or their substitu- 
tion products take part. Of these, apart from amide formation 
the most important is the production of amino-alcohols from 
aldehydes : 

R— CH : 0 + NH3 = R— CH(OH)— 

An intramolecular application of this reaction, in which an 

^ See Robinson’s suggestions on this point (J., 1917, 111, 876) ; compare 
Raper, J., 1907, 91, 1831. 

* The actual catalyst may be the hydroxyl ion. 

2 Rabe, Anmlen, 1898, 360, 265. 
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amino-aldebyde is employed, leads to ring-formation and the 
production of an amino-alcohol of the following type 


/V/™ 

/X/ EH.R 


X/'\ch/ 


CH, 


CH.OH 

/N"" \isr.R 


\/\ 

CHa 


■% 


And, as Robinson ^ has shown, these amino-alcohols react 
readily in aqueous solutions with ketones, producing new deriva- 
tives by the elimination of water : 

^CH . OH + CH3 . CO . CHg = — CH . CH^ . CO . CH3 

—N. CHg --N.CH3 

Different in nature is the ring-formation produced when 
such substances as diacetylacetone are treated with ammonia. ^ 
Here one molecule of ammonia interacts simultaneously with 
two hydroxyl radicles— the ketone enolizing — ^in order to produce 
a derivative of pyridine : 


/CO\ 

CH CH 


CH3.C C.CH3 


/CO\ 

CH CH 

i| ■ II +2H3O 

CH3 . 0 0.CH3 


HO OH NH 

NH3 


Turning to the ' question of hydrolysis, it is unnecessary to 
dwell at length upon the ordinary reactions. Attention must 
be drawn, however, to the fact that the same reagents may 
produce different end-products according to the conditions 
employed. Thus acetoacetic ester derivatives may yield either 
a ketone or an acid in addition to acetic acid, in the ordinary 
acetoacetic ester synthesis. 

The most important reagents in this field, however, are the 
enzymes ; and it may be worth while to deal with their action 


1 Robinson, J., 1917, 111, 876. 

2 CoEie, J., 1907, 91, 1806. 
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in more detail. For. the hydrolysis of the proteingc, two classes 
of ensiyme are known, which are termed proteolytic. The m"em- 
bers of the pepsin group attack albumins only in weak acid 
solutions, converting them into albumoses and peptones, which 
are soluble albuininous compounds of complicated structure. 
The trypsin group members, on the' other hand, act only in neutral 
or weakly alkaline ■ solution. - ,, A- third class of enzymes, the lab- 
enzymes, have the faculty of coagulating protein compounds and 
are therefore termed coagulating enzymes. To some extent a 
fourth type of enzyme might be included in this section, since 
its reaction resembles those of the proteolytic class in so far that 
it depends upon the hydrolysis of the amide group. This last type 
has the faculty of breaking down urea and uric acid derivatives. 
The lipolytic enzymes are utilized to break down fats, from which 
they liberate ' glycerine. They appear to react best in acid 
solution.; 

Several enzymes, am' known which can be employed' to 
hydrolyse such materials as starch ; and the progress of the 
hydrolysis depends upon the enzjune chosen. Thus when 
diastase acts upon starch, it converts it into; soluble material and"' 
breaks it down eventually to simple carbohydrates, the end- 
product being maltose, 012^22^11* The application of maltase 

carries the process a stage further, two molecules of glucose being 
formed. Cane-sugar is broken down by invertase to glucose 
and fructose.. 

In all these cases, of course, the enzyme acts merely as a 
catalytic agent and has no influence upon the equilibrium point. 
Thus, as has been mentioned in a pre^dous chapter, cMorophyllase 
may be employed either to hydrolyse a phytyl ester or to replace 
the phytyl radicle by an ethyl group. 

Under the head of addition reactions it is only necessary to 
mention one or two processes. Among the unsaturated com- 
pounds, and especially in the terpene group, water can be added 
on to double bonds at ordinary temperatures when acids are 
present.^ Apparently the reaction takes place in two stages : a 
molecule of acid first attaching itself to the double linkage in 
order to form an ester which is then hydrolysed, leaving an 
alcohol. 

Under ordinary conditions also, ammonia has the faculty of 
^ Wallach, Annalm^ 1908, 360, 102. 
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attacking certmin etkylenic linkages. Thus mesityl oxide takes 
up a^molecule of ammonia to form diacetonamine : 

^ iCE,),C : CH . CO . CH3 + NH3 = (CH3)3C(NH3) . CH^ . CO . CH3 

Dehydration is a reaction capable of almost endless applica- 
tion in the field of vital chemistry. Saturated compounds' may ^ 
be converted into unsaturated derivatives ; carbon chains may 
be formed, as in the mesityl oxide and phorone syntheses"; 
benzene derivatives and heterocyclic substances such as pvrones 
can be prepared without exceeding ordinary temperatures. 
Indeed, it seems probable, though not proved, that a large 
proportion of vital syntheses depend upon successive dehydra- 
tions and rehydrations, by means of which the structure of the 
molecule can be altered. 

As to oxidation and reduction, no doubt can be entertained 
as to the prominent part taken by them in vital reactions. As 
far as oxidation goes, we are acquainted with numerous enz}unes 
(oxidases) which act as agents in the reactions of living tissue ; 
and though the nature of the corresponding reducing enzymes, 
the reductases, has not been fully studied, there seems to be 
no question about their existence. Apart from enzjune action, 
numerous cases of spontaneous oxidation are known to the organic 
chemist, such as the formation of indigo from indoxyl and the 
production of oxyhsemoglobin from hsemoglobin. 

Intramolecular change is a branch of the subject which it is 
hardly necessary to treat in detail ; but the pinacone change, 
the Beckmami rearrangement, and the benzilic acid change 
may be mentioned, since they may serve to throw light upon 
vital reactions. The most important of all is the keto-enol 
rearrangement ; but this will be fully described in a later section. 

In Volume I. of this boob we have already encountered some 
examples of an intramolecular rearrangement which is of the 
greatest importance from the point of view of natural terpene 
syntheses ; the formation of cyclic compounds from open-chain 
di-olefinic derivatives. The cases of citronellal and i^opulegol ; 
rhodinal and menthone ; citral and c^cZo-citral ; and the con- 
version of geraniol, nerol, and linalool into terpineol, are examples 
of the type to which we refer. These changes take place either 
spontaneously or under the influence of alkali or acid ; and it 
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seems not improbable that some such reanangemont leads to 
the production of terpenes in nature. 

I Among natural products, meth 3 damine derivatives occur; 

and it appears probable that these are formed by the action of 
formaldehyde:— , 

, '2mi^ + SOR^O=^2NE^m^+CO^+B 

0 

In laboratory practice the reaction takes place even at the 
temperature of a water-bath ; so that it evidently can be carried 
out, though slowly, under ordinary conditions. 

Photochemical effects must, of course, play a very striking 
I part in vital processes, especially in the vegetable kingdom. 

Of these, the most important from the theoretical standpoint is 
the discovery by Cotton ^ that the dextro- and Isevo- forms of 
tartaric acid absorb cZ-circularly polarized light to different 
extents ; which implies that such light will decompose them at 
different rates. Now since light is circularly polarized by the 
surface of the sea, we have a natural method whereby the pro- 
duction of unequal quantities of asymmetric material can b§ 
attained ; and once the balance between the two isomers is thus 
disturbed, the general production of optically active compounds 
becomes possible. It may be that these experiments indicate 
the manner in which optically active substances first made their 
appearance on the earth’s surface. 

4. The Production of Carbohydrates 

Since the carbohydrates form so large a proportion of plant 
tissues and so important a group of animal foodstuffs, it is 
natural that much speculation has been directed to the question 
of how these materials come into existence as a result of bio- 
chemical syntheses. As to the source from which the carbon 
is drawn, there is no dispute: the living plant is believed to 
obtain it from the surrounding atmosphere in the form of carbon 
dioxide or carbonic acid. 

Strangely enough, the next stage in the process is the bne 
which has given rise to most controversy, and even at the present 
day there is much dispute as to the exact mechanism involved in 



^ Cotton, Ann. Ohim, Pkys.^ 1896, VII., 8, 373. 
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the changes wtich undoubtedly take place. ^ It will suffice here 
to indicate some of the suggestions which have been put forward. 

The simplest hypothesis rests on the assumption that water 
and carbon dioxide may undergo a process of mutual oxidation 
and reduction. 

H2CO3+2H2O ^ H.CHO+2H3O3 

If, now, an enzyme were present in tke plant wMch lias the 
power of decomposing hydrogen peroxide, ^ the reaction’s main 
course would be from left to right in the equation above, and a 
steady production of formaldehyde would occur in the leaf. 
The energy required to furnish driving-power in the reaction 
must be drawn originally from solar radiation; but the im- 
mediate cause of the transformation might possibly be found 
in the electrical conditions on the leaf-surface.® Unfortunately 
for this view, the presence of hydrogen peroxide in leaves ^ has 
not been confirmed.^ 

Another hypothesis ® depends upon the assumption that 
hydroxylamine plays a part in the process. This hydroxylamine 
is supposed to be present in the leaf as a result of the reduction 
of nitrates absorbed by the plant as part of its nutriment. The 
reactions postulated are as follows r 

COg + NH^OH -H.GHO + HNOg 

2CO2 + 2NH2OH = CH 2 ( 0 H).CH 0 + 2HNO2 

These products have actually been detected in the leaves of the ^ 
elder. Now the glycollic aldehyde formed in the second reaction 
is assumed to be reduced to acetaldehyde ; and a further stage 
of carbon dioxide absorption ensues, yielding lactaldehyde : 

CH3.CHO + COg + N^^^ -= CH3.GH(0H).CH0 + HNO2 

These materials exist in the leaves of the poplar. Obviously 
processes of this sort might be utilized to explain the production 
of complex carbohydrate structures. 

^ See Jorgensen and Stiles, Carbon Assimilation ; Meldola, J., 1906, 89, 
745 ; Moore, J., 1921, 119, 1555 ; Haas and Hill, The Chemistry of PIa?it 
Products* 

2 Loew, Ber.i 1902, 35, 2487. 

Gibson, Ann. Botany , 1908, 22, 117. 

Moliscb, Bioche^n. Z., 1921, 125, 257. 
s Maze, Cornet, rend., 1921, 172,^173. 
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• Willstatter and Stoll,^ from a study of cMoropliyll, arrived 
at tile following conclusions. Chloropliyll acts not only as a 
sensitizer in photocliemical reaction, but it plays a direct part 
in the., break-down of carbonic acid. A stage in the . process 
is the formation of a labile addition-product of chlorophyll 
which may be built up either from carbonic acid itself , or from 
one of its derivatives. According to Willstatter and Stoll, the 
action of light is to loosen the bonds of the carbonic acid molecule**" 
and thus bring about isomeric change into per-formic acid or 
formaldehyde peroxide. By enzymatic action, these compounds 
then lose some of their oxygen. Whether formaldehyde is the 
actual produce of the process is left in doubt ; for even the 
detection of formaldehyde in the leaf is not sufficient to show 
that it is an intermediate-product in assimilation, since it might 
also occur as a result of reactions totally unconnected with the 
reduction of carbonic acid. 

Somewhat similar vie'ws of the mechanism were put forward 
by Spoehr and BIcGee,^ whose results indicate that the leaf 
contains something which chemically absorbs carbon dioxide 
and wliich they believe to be a protein. 

An hypothesis which inverts the usually accepted sequence 
of things is due to Wo. Ostwald,^ who suggests that the photo- 
chemical reaction is one of photo-autoxidation instead of photo- 
reduction. He assumes that the first stage in the process takes 
the form of the production of a compound of a protein with 
carbon dioxide. This is accompanied by the autoxidation of a 
lipoid with the formation of a lipoid peroxide which is sparingly 
soluble in water. ^ Interaction of the protein-carbon dioxide 
compound and the lipoid peroxide in presence of water is sup- 
posed to lead to the production of formaldehyde and oxygen ; 
and the lipoid-peroxide is regenerated by autoxidation. The 
whole process is supposed to take place at a protem-Iipoid 
boundary surface. On Ostwald’s hypothesis the part played by 
chlorophyll is simply that of a promoter in the autoxidation of 
.'..the lipoid. : 

Turning to purely photochemical experiments, the evidence 

^ Willstatter and Stoll, iiber die Assimilation der Kohlmi- 

sam^e ( 1018 ). 

^ Spoehr and McGee, Science^ 1924, 59, 513. 

® Wo. Ostwald, KoUoid~Z.t 1923^ ZZf 356. 

^ Compare Gallagher, Biochem. J., 1923, 17, 5i5 ; 1924, 18, 29, 39. 
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proves someTbat confusing. Usber and Priestley ^ reported 
that" by exposing a saturated solution of carbon dioxide in a 
quartz tube to the action of ultra-violet light they obtained 
an easily recognizable quantity of formaldehyde, mostly in the 
polymerized form. Berthelot and Gaudechon,^ on the other 
hand, were unable to detect formaldehyde as an end-product 
of the action of ultra-violet light on carbonic acid except when 
Tiydrogen was present. This was supported by ■ the work of, 
StoHasa.^ Baly, Heilbron and Barker ^ state that formaldehyde 
may be produced from carbon dioxide and water by purely 
photochemical means. According to their results, formaldehyde 
is formed in aqueous solutions of carbon dioxide under the 
influence of light of short wave-length (X = 200[jig) as well as by 
visible light in presence of visibly coloured substances which have 
the power of forming labile additive compounds with carbonic 
acid. Spoehr ® has been unable to confirm these results. 

If it be assumed that formaldehyde is the primary product in 
the course of carbohydrate syntheses, two questions present 
themselves immediately. (1) Can the plant tolerate formalde- 
hyde ? (2) How is formaldehyde converted into its higher 

polymerides ? 

With regard to the first question, formaldehyde is undoubtedly 
a poison for some of the lower plant organisms; but it can 
be assimilated by otheis ^-r-e.g., the Tropceolim majiis’^— 
without injury. And in any case, if the polymerization of the 
aldehyde proceeds at a velocity comparable to that of its ^ 
synthesis, there is no need to assume that at any moment there 
will be more than a trace of the poison present in the plant- 
organism, This is justified by the fact that it was only with great 
difficulty that the presence of any formaldehyde in the leaf 
could be established,® which indicates that the aldehyde must be 
potymerized almost immediately after its formation. 

1 Usher and Priestley, Proc. Roy. Soc., 1911, 84, [^], 101. 

- Berthelot and Gaudechon, Comyt. re7id., 1910, 150, 1690. 

® Stokiasa, Monaish.t 1911, 32, 53 ; Biocheyn. Z.t 1912, 41, 333. 

^ Baly, Heilbron and Barker, «/., 1921, 119, 1025. 

® Spoehr, «/. Ayuef, Chetn. Soc.) 1923, 45, 1184; compare Baly, Heilbron 
and Barker, 1923, 112, 323. , 

® Sabalitschka and Uiesenberg, Biochem. Z,f 1924, 144, 545, 551 ; 145, 373. 

’ Jacoby, Biochem. Z.f 1922, 428, 119. 

® Gibson, Ann. Botany ^ 1908, 22, 117. 
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It is now necessary to consider the second problein and see 
what sort of mechanism can he suggested for the conversion of 
formaldehyde into its higher polymers. In earlier days, it was 
believed that cane sugar was the first recognizable carbohydrate 
produced by carbon assimilation in the plant ; ^ but more 
recent investigations ^ lead to the conclusion that sucrose alone 
’ '"is detectable in the non-green parts, of variegated leaves^ whilst 

in the green parts monoses were discovered. Furtherj wheif 
full-grown leaves of pelargonium were entirely depleted of sugar 
■ by keeping the plants in the dark and were subsequently exposed 
to light, the first sugars identified were monoses ; and it was 
H only later that sucrose and starch were formed. Erom this it 

seems that monoses are really the first products, and that the 
appearance of sucrose is a secondary stage in the process. 

The polymerization of formaldehyde to fructose was long 
ago show-n to be brought about by the action of calcium hydroxide 
in dilute solutions ; ^ and Baly, Heilbron and Barker, by acting 
on a solution of carbonic acid with ultra-violet light, obtained a 
product which was examined by Irvine and Francis ^ and found 
to contain about 10 per cent, of a hexose. ^ ^ ^ 

These results, though interesting in themselves, have little 
bearing on the actual production of the carbohydrates in the 
living plant; for the laboratory-produced sugars are racemic, 
whereas the products of biochemical action are optically active. 
This fact differentiates the two processes in a decisive manner 
since it show'S that in the phytological production of the sugars 
an asymmetric agent comes into play at some stage in the action. 

Two possible explanations suggest themselves for the occur- 
rence of the active sugars. In the first place, the agent which 
stimulates the polymerization of the formaldehyde may itself 
be asymhietrical (an enzyme); and thus one enantiomorph 
may be formed in greater quantity than the other : or possibly 
the racemic sugar is produced by direct methods and is then 
acted upon by a selective enzyme such as are common in plants, 
with the result that one antipode is more rapidly decomposed 

^ Brown and Morris, J., 1893, 62, 604. 

^ Weevers, Proc. K, AJcad, Wetensch, Amsterdam, 1934, 27, 

® Loew, J. pr. Chem,, 1886, 33, 321 ; Fischer and Passmore, Per., 1889, 22, 
359. 

^ li’vine and Francis, J. I?id. Eng, Chem,, 1924, 16, 1019. 
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than the othfr. In either way a preponderance of one active 
form would result. It must be frankly admitted that even in 
this simple problem we can only say that we do not know the 
true solution. . , . 

■With the production of sugars of the hexose type, however,' 
the main difficulties are ended; for by the action of' enzymes ' 
these can be converted -into much more complex materials, ■ ^ 
the polysaccharides ; ^ and even higher complexes such as 
' dextrin can be produced from the hexoses by catalytic means. 

As to -the further stages by which cellulose and its analogues 
are formed, we can only admit our ignorance ; though the 
fact that these substances can be reduced to simpler materials 
by catal}d}ic action certainly suggests that they are probably 
built up by, a similar process. 

5 . Colliers Theory of Enzyme Action 

f During the break-down of certain carbohydrate derivatives 
under the action of enzymes, an important step in the reaction 
is evidently the accumulation of hydrogen atoms at one end of 
the chain and the gathering of oxygen atoms at another point. 

Only on this assumption can we explain the conversion of the 
radicle (L) into the grouping (II.) which evidently takes place 
during alcoholic fermentation : — 

CH2OH— CH.OH— OH3— CHa— 

(I.) (II.) 

Now if the sugar molecule be regarded as being built up from 
a chain of carbon atoms united with water molecules, such a 
transformation can readily be represented by a mere change 
in orientation of the hydrogen and hydroxyl radicles, which 
might be produced by dehydration and rehydration : — 

i 1 1 

-OH'. — c ■ H' ■■• . „R- — c- — E,; , 

1 — ^ I + i ^ I 

e R c OH K C— OH 


3- Hill, J., 1898, 73, 634 ; see also Bayliss, The Nature of Enzyme Action, 

.. ■' 
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: f In tlie case of a pentose, ■ distinguishing ..the inverting 
groups by the dotted lines, we should get the following pictiise : — 


Y t ■ \ 

H-O-fOHS H— C— H' H— C— H. CHg 

|H04-c4-H.J H— c40HI ' H-C— H. CH* 

1 H-J-C-fGH] > iHbVc4j?,J ^ [ H^C—OH > CO 

lirot-c-iuj OH 

i HO— C—OH. HO—C— Of! CHO 

6h: oh oh 


f Take the case of a hexose as an illustration of the next 
step in the argument. At one end of the chain is the weakly 
basic hydroxy! group, whilst at the other end lies the aldehyde 
radicle, which, in its ortho-form, is weakly acidic. It is there- 
fore reasonable to assume that the main chain of the sugar is 
subjected to electrical strain. Now if this electrical condition 
can be interfered with, changes might be expected to occur in 
the molecule ; and it is possible that the enzjrmes work in 
this mamier. The enzyme molecule is probably built up from 
amino-acids somewhat in the same manner as a protein ; so 
that it contains, like the sugar, a basic group (—NHg) and an 
acidic radicle ( — COOH). From what we know of their mole- 
cular complexity, the enzyme molecules must be immensely 
greater than the molecules of simple carbohydrates ; and it is 
therefore probable that one molecule of enzyme may react 
simultaneously with hundreds of carbohydrate molecules. The 
basic and acidic groups of the sugar will come into contact 
with the acidic and basic portions of the enzyme provided that 
these groups ocmpy suitable positions in space the system 
is then short-circuited ; and what might be termed molecular 
electrolysis ’h results ; the energy of the sugar molecule is set 
free as heat; and, by the rearrangement of the hydrogen and 
hydroxyl groups of the sugar, new compounds are formed 
which are no longer capable of combining with the amphoteric 
enzyme. The latter may then be recharged by induction or by 
the presence of ions in the solution, as is the case with many 
colloids. , 

The following diagram represents the various steps in the 
process : — 


This serves to explain the selective power of enzymes. 
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® +« the NHa group = Origin^ stigar molecule 

® ~ the CH (0H)3 group isa* Sugar after decomposition 

In its elements tlie Collie theory bears a strong resemblance 
to Ehrlich’s side-chain theory of toxins and anti-toxins, the 
two groups at the points attacked being analogous to Ehrlich’s 
receptors, whilst the corresponding points in the enz3nne are 
akin to Ehrlich’s haptophore groups. 

Witli slight modification, Collie’s theory would furnish a 
mechanism for the polymerization of formaldehyde to optically 
active sugars. 

f Another possibility must not be left out of account, 
When we examine the structural formula of a sugar in its 
form the similarity between it and one of the usual diagrams to 
illustrate electrolysis strikes the eye at once : 

: ' — > ■ ' ' 

OH OH OH OH OH OH 

I I I I I I 

Q H— C- — 0-— 0~c C C OH e 

I 1 I I I I 

H H H H H H 

— — — ■ 

Now if we imagine a pair of terminals inserted in the molecule 
as shown by the -f* — signs, it is clear that the hydrogen 

atoms would be drawn to the left, whilst the hydroxyl groups 
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would move to tlie rigM. This would give us the ^uie acoumula- 
tiou of hydrogen atoms at one end and hydroxyh groups at the 
other. Collie’s conception of the action of enzymes allows us . 
to picture the necessary electrical terminal inserted into the 
mdleeular structure of the sugar; and it may be noted that 
these terminals do not necessarily attack the two ends of the 
chain ; they might quite as easily be supposed to be inserted 
at any point in the molecular structure which is spatially suit- 
able for this entry ; and in this way the selective action of 
different enzymes may be accounted for. 

6. The Polyhetide Group 

Since the addition of water to some molecules and the 
removal of it from others are two of the most important reactions 
in the chemistry of vital processes, it is worth while to examine 
the loiown behaviour of certain atomic groupings which show a 
marked inclination towards these two reactions. 

It may be recalled that the polyketides * have the general 
formula H . (CHg . C0)„ . OH. The higher members of the series 
therefore contain the carboxyl radicle, — COOH, and also the 
grouping — CO— CH^— CO — , which is capable of enolization into 
— C(OH) : CH— CO— . Prom these three groupings water can be 
removed in four different ways, as shown in the formulae below. 


-CHa-^GO— CH2• 

— CO— CHa— CO-- 
— CH=C— ~C0— 

\0H 

/OH 

_CH=C CO— 


— CHo-C— CHo 


-H,0 


— CO- 
— CH= 


-H«0 


_C-~.CO~ 

=0-00- 

\ 

0 

/ 

— 0H==:C— CO- 


Ethyiene formation 


Ether formation 


-OH=C— CO— 
\0H 

-CHs— CO . OH 


— CH=='C— CO— 

^0 Lactone formation 

— CHa-CO 


-CH,— CO . OH 


— CHg— CO 
HgO Xq 

— CHo— CO 


Anhydride formation 


See Vol. I. A general account of the poiyketide reactions is given by 
Collie, 1907, 91, 1806. 
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It is hardly necessary to point out that the last three re- 
actions are easily reversible, since the addition of water to 
anhydrides, lactones, and ethers of this special type is 
familiar. The first reaction is also a reversible one in a number 
of well-known cases, among which the break-dmvn of pulegone 
into acetone and methyi-c«/clohexanone may be quoted. 

The higher members of the polyketide group have another 
^property which deserves mention here: the ease with which 
they lose carbon dioxide and yield ketones. The production 
of acetone from acetoacetic acid is the simplest instance of this , 
and triacetic acid acts in the same way, giving acetylacetone : 


OH8.CO.CH2'.CO.CHa.COOH = CH3.CO.CH2.CO.CH3 + CO2 

Finally, they react readily with ammonia, yielding amino- 
derivatives like p-amino-crotonic ' acid or imino-compounds of 

the pyridine group. , , . , j. e 

From this it is obvious that the polyketides form one of 
the most reactive classes known to organic chemistry; and a 
glance at the table on p. 404 will give some idea of the number 
and variety of compounds, akin to natural products, winch can 
be obtained from a single polyketide derivative, dehydracetic 

In the following sections of this chapter, an attempt will 
be made to show how it is possible to link up genetically the 
polyketide group with a large number of the more important , 
groups of natural products such as the carbohydrates, the 
Lnzene series, the anthocyanins and other plant pigments, 
the alkaloidal series, and the fats. It seems advisabk to call 
the attention of the reader to the remarkable way in which the 
polyketide skeleton can be traced in detail through so many 

of the natural products, even of complex character; andtfeough- 

out the remainder of the chapter it should be borne in mind that 
the raw material of the plant is cellulose, since from its degrada- 
tion are obtained all the more important plant products. The 
connection between the carbohydrates ' 

therefore of the greatest importance ; and it will be dealt wi 

in tlie next section. 
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7, The Relations between the Carbohydrates and the Polyketides 

f When a carbohydrate is compared with a polyketide 
having the same number of carbon atoms, it is clear that since 
both structures are built up from straight carbon chains, the 
Tviairi difference between them must lie in the oxygen and 
hydrogen atoms of their formulae. On comparing, for example, 
a hexose with the triketide, triacetic acid, it becomes clear that ' 
the two formulae differ from each other by the elements of a 

round number of water molecules : 

CgHiA- H.(CH2.C0)3.0H= 2 H 2 O 

Now consider the polyketide derivative pyrone. This is 
acted upon by metalhc alcoholates with the formation of deriva- 
tives of bishydroxy-methylene-acetone.i The proper conditions 
for carrying out a similar reaction with a water molecule instead 
of one of sodium ethylate have not yet been discovered ; but 
the point is not without theoretical interest, as it suggests a 
means whereby sugars may be converted into polyketides and 
mce versa. Taking pyrone as an example, the following stages 


HO.C.H H.C.OH 

11 1 


would be involved 

/°\ 
HO OH 


+ H,0 


HO CH 



CO 

Pyrone. 



jBishydroxy- methylene-acetone. 




H.C.OH 

II 

C.H 

I 

C.OH 

II 

C.H 


-f* 2H!20 


CH2OH 

HO.C.H 

H.C.OH 

I 

HO.C.H 


CHO CHO 

A pentose. 

^ Wiilstatter and Pummerer, Ber,, 1905, 38, 1461. 
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A reverse series of reactions would lead from tlie carbo- 
bydrates to the polyketides and thence to all the classes of 
compounds which were enumerated in the last section. 

A simpler, though less probable, way of formulating the 
conversion of a carbohydrate into a polyketide, and vice verm, 
is shown in the following formulae. For the sake of clearness, 
r the hydrogen atoms and hydroxyl groups involved in the first 
dehydration reaction are printed in heavy type. Starting with ^ 
say, glucose : 

CH20H--CH(0H)— CH(OH)— CH(OH)— CH(OH)— GH : 0 

removal of three molecules of water would lead to the production 
of the following structure : 

CH2=C(0H)- CH-=C(OH)~~CH=C : 0 

which is the enolic form of: 

CHg— CO — CHa- — CO— CH=-C : 0 

and from this the polyketide could be obtained by the addition 
of an extra molecule of water : 

CHs— GO— CHg— CO -CHg— COOH 

Now, though it must be frankly confessed that up to the 
present our laboratory methods have failed to bring about 
either of these conversions,* there are numerous facts tending 
to show that many plant products are derived from polyketide 
chains ; and since the carbohydrates form the most obvious 
source of polyketide derivatives it seems not unwarranted to 
assume that reactions similar to the above do take place in 
plants. If we do not make this assumption, we require so many 
different postulates in devising sjmtheses of vital products that 
the matter becomes extremely complicated ; whereas by grant- 
ing the possibility of polyketide production it may be rendered 
very simple. 

8. The Carbohydrates, Polyketides, and Benzene Series 

f The aromatic series is strongly represented among plant 
products ; and it seems evident that the source of the vegetable 

* One great difficulty in the way is the ease with which open-chain deriva- 
tives of the polyketide series are hydrolysed in presence of alkali or acid. 
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benzene compounds must be sought in the carbohydrates of 
the plant. The formulae below indicate how benzene derivatives 
might be produced direct from the carbohydrates by means of 
simple dehydration followed by intramolecular rearrangement. 
Only two examples are given, as they are intended as illustrations 
and not as a complete list of possible changes. The groups 
involved in the dehydrations are printed in heavy tjpe. 


HO— CHa 

1 

CH.H 

11 

1 

H— C— OH 

1 

li 

C— OH 

1 

1 

HO— C— H 

1 

C— H 

1 

I 

H— 0— OH — 
1 

C— OH 

1 

1 

JjQ — Q — JJ 

1 

C— H 

1 

11 

H— 0— OH 

1 

C— OH 

1 

1 

R 

1 

R 

CHaOH 

CHaOH 

1 

HO— C— H 

1 

C— H 

11 

I 

H_(L-0H 

1 

11 

O-OH 

1 

1 

HO— 0— H — 

1 

— » C— H 


I 1 

h-c-oh c-oh 

1 I 

ho-c-h C-H 


H-O-^QH 

1 

C— OH 

1 

E 

R 


HO-/\i-OH 



R 

Orcinol derivative. 



Or^Ao-derivative. 


t If the production of polyketides from the carbohydrates 
be assumed in order to simplify the formulas, the following 


« 
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sdieme shows how imsaturated side chains attached to benzene 
nuclei could be formed by dehydration and rearrangement ‘t— 

.CHs 


CO 


CO-CH^-CO-CHs 


HO| 


CK2 CH; 




OK 

! 

“CH^-C-= CHs 


OH 


from which, by enzymatic reduction, an analogue of anethol 
would be formed. 

t The production of anthracene derivatives could be 
accounted for in a similar manner : — 


CH3 .CH, 

CO CO CO ^co 


CHj CH3 CHa cm 
CO OHC CO 



The Formation of Pyrones and Pyridines from 
Carbohydrates 

The relations between the polyketides on the one hand and 
the pyrone and pyridine derivatives on the other have already 
been explained; so two examples will be sufficient to indicate 
the possibility of a direct passage from the carbohydrate series 
to the two heterocyclic groups. As before, the atoms involved 
in the dehydrations are printed in heavy type. 


h^oh—oh 

I 

HO— C— H 

I 

H— C— OH 
HO— C— H 

H— C— OH 

- ■] : 

HO — C— H 

R 


-SHjO 




A 

HC ^C-CHzR 
II 

HC^ Jm 
CO 


HC ^p-CHjR 
II I 

I 

OH 
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** 10. The Genesis of Some Plant Pigments 

Tlie fact that many of the important plant colouring 
materials belong to the pyroiie group suggests that they may 
be derived from polyketide chains and hence, indirectly, from 
the celluloses. In the simpler colouring matters the connec- 
Tjtion is almost obvious from an inspection of the formuL^ ; and 
one example will suffice. Chelidonic acid may be chosen, and 
its possible derivation from a heptose accounted for by the 
usual processes of dehydration and oxidation : 


OHgOH 

I 

CO 

I 

HO.O.H 

H.O.OH 

HO.C.H 

- I 

H.O.OH 

CH.OH 


-2HsO 


CHgOH 

1 

COOH 

j 

COOH 

1 

CO 

1 

CO 

I 

C.OH 

1 

i 

11 HOOC 

O.H 

CH, 

J/ 

!l oxidation 

1 

1 C 

C.OH 

CO 

CO — > 11 

1 

1 

1 H.C\ 

C.H 

C.H 

O.H ^ 

II 

II 

11 Cheli 

C.OH 

I 

C.OH 

C.OH 

1 

CHgOH 

1 

COOH 

I 

COOH 


COOH 

4 

II 

/C.H 


CO'' 


The benzo-pyrone group can be accounted for in a similar 
manner. 

In the case of the anthoeyanins, the reaction may be traced ^ 
directly back to a carbohydrate chain without requiring the 
intermediate formation of a polyketide derivative at all. An 
examination of the formula of cyanidin, shows that 

it might be derived from a carbohydrate having the composi- 
tion OigHgoOig by the abstraction of nine molecules of water ; 
and from cyanidin the corresponding anthoeyanin is produced 
by the action of glucose. From the cyanidin, also,' quercetin 
may be formed by oxidation ; so that such a S3mthesis would 
open the way to the flavone series as well. 

The Mowing formulse show how, by simple dehydration, 
it is possible to imagine the production of cyanidin from a 
carbohydrate of the structure CH2GH‘.(CH.OH)i3.CHO. In 
order to make the steps clearer, the atoms eliminated by 
dehydration are printed in heavy type : 
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OHOH 


HO . CH C 

I ^ 

H.COH 

CHl|\ 


HO.CH- 



-CH 
\ 

OHOH— CHOH 


CH=C . OH 


C.OH 



0 .OH 


OH CH 


Cyanidin. 

It is uimecessary to give furtlier examples, as the reader 
can easily -work them out for himself if he is interested in the 
point. 

11. The Alkaloidal Skeletons 

With regard to the formation of the alkaloids, two views 
are possible. In the first place, the alkaloidal skeleton may 
be supposed to come into existe'nce directly by the action of 
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ammonia upoii a long carbon chain derived from the celluloses ; 
oij secondly, we may assume that the celluloses and proteins 
break down into smaller molecules which then take part in 
piecemeal syntheses of the larger alkaloid groupings. In either 
case, it will be seen that the production of alkaloids is to be 
regarded as a down-grade reaction. 

The formation of tropinone furnishes a case to which both 
methods are applicable ; so it may be given here as an example. 

Let us assume that among the degradation products of 
cellulose a methyl-hexose-amine is produced. This will have 
the composition C7H15O5N. Now ^^or-tropinone i.e. tropinone 
without the methyl radicle attached to the nitrogen atom has 
the composition C^HiiON, The difference between the two 
formulse is H4O4 ; from which it is clear that dehydration alone 
will not suffice to pass from the one compound to the other ; 
reduction to the extent of four hydrogen atoms is also necessary. 

The steps in the conversion may be represented as follows : — 
OHC— CH CHOH OHC~OH— CHs OHC— CH CH„ 

JrHa CHOS -> isj i)0 -> NHj do 

" CHa—CHOH— L hOH oh,— CO— dn* CH*-C(OH)~-dH, 


CHj— CH— OHa HOCH— CH— CHa OHO— OH— CH, OHC— OH— OHa 

JrH CO I iLh do ^ irn co (|o 

CHs— in-CHa HOCH-CH-iK^ HOCHa-dn-CHa CHa^C OH, 

All the dehydrations and rehydrations involved in the process 
have not been indicated in the formulae, as by this time the reader 
is probably sufficiently expert in appreciating the method to dis- 
pense with some of the steps. The last stage shown above consists 
in a reduction of the dihydric alcohol to a hydrocarbon grouping, 
which accounts for the four extra hydrogen atoms already men- 
tioned. Having thus reached wor-tropinone, methylation with 
formaldehyde would account for the production of tropinone 
itself. 

Of course the order in the above series of changes might 
be varied, some of them coming earlier than is shown. The 
methylation of the nitrogen atom, for example, might take 
place much sooner than has been assumed. 

Eobinson ^ has put forward a series of suggestions as to the 
manner in which many of the familiar alkaloidal skeletons may 
be^ produced by using comparatively simple reactions ; and his 
i Robinson, 1917 , 111, 876 * 
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paper slioiild be studied by all wbo are interested in ;f}lie question. 
Unfortunately, it would lose by condensation, so cannot be dealt 
witb here. In it examples are given of possible lines of syntheses 
in the pyrrolidine, piperidine, quinoline, and i^oquinoline groups 
of alkaloids. Two reactions only are demanded as essential 
to the formation of the skeletons : the aldol condensation and 
the similar reaction between carbinolamines [containing the 
grouping Eg : C(OH) .N : Eg] and compounds containing the*" 
radicle : CH. CO. 

As an example of the method, we may choose the synthesis 
oftropinone — 

NHg . CHa . CHa . CHa . CH{NH2) . COOH + 2 H.CH ;0 


Methylation and 


oxidation. 


CHO . CHs . OHg . CHO + 2OT2CH3 + CO 


Condensation. 

4 * 

CHa.CH(OH) 


CHs.COOH 

I 

N.CH3 + CO (Extra reagent.) 

I I 

CHg.CHCOH) OHg.COOH 




-^CH 

1 

— CH.COOH 

1 —2002 

( 


CH 

1 

— CH, 
1 


N.CH3 

1 

CO . ■— ^ 



N.CHg 

1 

CO 

I 


1 

CH 

1 

— CH.COOH 

( 


1 

CH 

1 

„CH 


Eobinson’s synthesis of tropinone has shown that reactions 
of the type required by his views can actually take place in 
practice under ordinary conditions. 

t Eeturning to the idea that the cellulose chain, via the 
polyketides, affords a source of alkaloid material, an example 
may be given of the course which the S3m.thesis of papaverine 
might be expected to take. It must be pointed out that by the 
usual process of dehydration and rehydration, it is possible to 
pass from the grouping E.CO.CHg.CO— to the arrangement 
E.CHg.CO.CO — ; and also that the formation of methoxyl 
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E— OH 2CH„0 = E— 0— CH, + H.COOH 


radicles and methylene-etlier groups may be supposed to take 
place by tbe action of formaldehyde. The steps in the papa- 
verine synthesis are shown below. 


+4HCH0 


Methylation 


OCH 3 

Papaverine 


Tie Natural Syntheses of Pyrrol Derivatives 

jrtance of the pyrrol compounds from the stand- 
fcural processes has already been indicated in an 
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earlier chapter. The assimilative machinery of pkiits is bound 
up with chlorophyll; whilst h^min plays an analogous part 
in animals : and both these substances are built up on a basis 
of pyrrol rings. In addition to them, numerous other pyrrol 
derivatives are known to occur in the products of vegetable 
and animal metabolism : the pyrrolidine alkaloids and the bile 
acids are cases in point. It is therefore desirable to indicate 
here how these substances may be produced by vital reactions."^ 
The carbohydrates probably form one source from which 
materials are drawn for pyrrol syntheses ; whilst the nitrogen 
may be supplied either from ammonia or indirectly from the 
proteins. Assuming the presence of a sugar and ammonia, the 
synthesis of a pyrrol derivative may be accounted for by two 
dehydration reactions thus — 

OHoOH CH.OH CHaOH 


HO. OH- — CH.OH 4-NH, 


-> HO.CH- 


HO . CH- 


~2H20 

-CH.OH HO.bH- 


-GH> 


-2H2O 


-OH 


HC= 


NH 


HC= 


Nnh 


CHO 


OHO 


CHO 


From a pentose, of course, a pyrrol with a single aldehydic side 
chain would be produced. 


13. Branched Chaim and Terpene Compounds 

Hitherto we have confined our attention to carbohydrates 
in which the carbon atoms form a straight chain, but it seems 
desirable to indicate how forked chains may come into exist- 
ence, as compounds of this type occur naturally along with 
straight-chain substances. The formation of apiose may be 
taken as an example. Its composition is C5H1QO5, and it might 
obviously be produced by the aldoi condensation of five mole- 
cules of formaldehyde in the following manner : — 

CH,0 CH,0 HO.CHaX/OH^OH 


CH 20 


C— OH 

1 

GH 20 


I 

CH.OH 

CHaO 

'r. .. 

CHO 


Apiose. 
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It seems difficult to imagine how apiose can be synthesized 
naturally in any other way. 

But if this be granted, it becomes clear that terpene skeletons 
might be produced by an extension of the same series of con- 
densations. Two possibilities are open. In the first place, two 
apiose nuclei may condense together giving the substance (I.) 
which by reduction may be transformed into an olefinic terpene "" 
'" derivative (II.); and from this, by intramolecular change 
similar to the geraniol-terpineol rearrangement, a terpene 
derivative might be formed. Or, alternatively, ten molecules 


of formaldehyde might condense together to produce a doubly- 
linked apiose chain (III.) from which terpenes might be formed 
by reduction. 

HO'CHa CH3OH 

1 

CHOH 

GHO '^CHOH Reduction 

1 J 

CHg CH, 

y/ 

!! 

CH 

CH2 0H’'CH2 
! 1 

HO CHa CH.OH 

VOH 

! 

\ ^CHOH 

X \ 

HO‘CH \ CH'OH 

1 j 

CHOH CHOH 

^COH 

' 1 ■ ■ ■ ■ 

CH3OH 

i 1 

CH3 CH. 

\ / 

— CH 

1 

CH3 

1 1 

HO-CH CH*OH 

^C-'OH 

i 

CH2OH 

{I) 

(11^ 

(III) 


The particular terpene derivative formed would depend on the 
stage of oxidation of the original open-chain compound in the 
second case and also upon the position of the double bonds in 
the open chain. 

Another possible line of synthesis of the terpenes is sug- 
gested by the production of a thymol derivative from the con- 
densation products of orcinol and acetoacetic ester. Since 
the orcinol and the acetoacetic ester are both obtainable from 
polyketide chains, and hence possibly from carbohydrates ; and 
since the thymol compound thus produced may be supposed to 
be reducible to a terpene, this line of thought leads also from the 
carbohydrates to the terpene group. 

Finally it may be pointed out that a terpene could 

be derived from a carbohydrate by the removal of 

four molecules of carbon dioxide and six molecules of water. 
In this case it would be necessary to assume as an intermediate 
compound one of those unsaturated acids which tend to lose their 
carboxyl radicles spontaneously. 
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Otlier reactions wMcli might lead to the fornxatioiii of a forked 
chain are the condensation of formaldehyde with a straight 
sugar chain and subsequent dehydration of the aldol thus 
produced ; or the peculiar rearrangements in the sugar group 
observed by Edliani,^ whereby, under the action of lime-water, 
the group (I.) is transformed into (II.) : 

—CH.OH— CH.OH—CH.OH—CHO — > — CH.OH— C(OH)— COOH 

i ■ 

CH3 

(I.) (H.) 

or the analogous benzilic acid change. 

14. The Formation of Fats 

For the production of fats in the animal body the carbo- 
hydrates absorbed as food form the most probable source. We 
have already seen that sugars may be converted into polyketide 
chains by dehydration, so it is not necessary to give these steps. 
We may commence with the polyketide chain shown in (I.) as 


Q example 

GO CO 
! ! 

1 

CO 

1 

1 

CO 

1 

CO 

1 

CO 

1 

CHa 

1 

C.H 

1 

HO. C.H 

HO.C 

HO. C.OH 

1 

CO 

1 

li 

1 

II 

1 

1 

CO 

C.OH 

I 

H.C.OH 

1 

H.C 

H.C.H 

CHa 

1 

CH, 

1 

GR, 

1 

CH^ 

1 

CH 2 

1 

CHa 

1 

I 

CHa 

(I-) 

(11.) 

(HI.) 

(IV.) 

(V-) 

(VI.) 


j If we take as our starting-point the group (I.) and con- 
vert it into the enolic form (IL)j we can then add a molecule 
of water on to the double bond to form (III.). This substance 
could then be hydrated to produce (IV.), to which water might 
be again attached, giving (Y.), in which two hydroxyl groups 
are attached to the same carbon atom. This compound would 
lose a molecule of water, leaving (VL). 

1 Kiliani, Ber., 1884, 17, 1302 ; 1905, 38, 2668 ; 1908, 41, 158, 469. 
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f A comparison of tlie formulae (I.) and (VI.) skews that the 
whole process implies a wandering of the hydrogen atoms to 
the lower end of the chain, and a corresponding migration of 
the oxygen atoms to the other. This purely theoretical series 
of actions could then he repeated, and the final result would 
be a loss of carbon dioxide from one end of the chain, and a 
building up of an aliphatic chain at the other end. Some such 
- process may take place in the living organism during the forma- 
tion of oils or fats,"^ and the liberation of carbon dioxide in 
respiration would be explicable in the same way. 

Evidence in favour of this conception of the formation of 
fats from carbohydrates is obtained when the results of the 
reverse process are examined. In the disease pentosuria, the 
body fats are broken down and converted into sugars. Now, 
if this process involved the decomposition of the fat, with sub- 
sequent assimilation in the organism, then a synthesis of the 
pentose and, finally, its excretion, we should expect to find 
that the inactive fat had been converted into m optically active 
sugar owing to the intervention of the asymmetric components 
-of the body tissues, etc. On the other hand, if the fat is con- 
verted direct into the sugar by the converse of the process 
sketched above— i.e., if the process involves a mere passage 
from Stage VI. to Stage I— then, owing to the continual forma- 
tion of enolic forms and consequent loss of asymmetry, the 
products of the fatty decomposition would not be active. In 
actual practice it is found that the arabinose excreted by patients 
suffering from pentosuria is the racemic form ^ of the compound ; 
and this notwithstanding the fact that the organism is quite 
capable, even in that state, of decomposing ?-arabinose if this 
sugar be given in food. It seems evident, therefore, that the 
arabinose excreted by such patients cannot have passed through 
the ordinary channels, but must have been produced directly 
from fat by some simple reaction such as is shown above. 
Further, the occurrence of acetoacetic acid and acetone along 
with sugar in the urine of patients suffering from diabetes proves 
that polyketide derivatives make their appearance during the 
disease. 




VOL. n. 


* Or wax in the case of bees. 

1 Neuberg, Ber,, 1900, 33, 2243. 
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16 , Syntheses and Degradations of the Proteins e 

In tlie foregoing sections we have dealt very fully with the ^ 
carbohydrates and their possible mutations ; so that it will be 
necessary to devote only a small space to the proteins, that 
second great class of up-grade products of the vital machinery. 
Fischer’s researches on the polypeptides leave little doubt that 
the protein molecules contain long chains of amino-acids coupled 
together in the form of amides ; and it remains to suggest 
methods whereby such substances could be synthesi^ied from 
simple materials within the living organism. 

As in the case of the carbohydrates, pur knowledge of the 
initial steps in the process is incomplete. Nitrates appear to 
be assimilated By the plant and reduced to nitrites; but un- 
certainty exists as to the further fate of the nitrite when it 
has been formed. The most suggestive experiments on the 
subject appear to be those of Baudisch.^ On exposing potassium 
nitrate to diffused daylight, he found that it was reduced to 
potassium nitrite. Under the same conditions, potassium 
nitrite, when mixed with formaldehyde or methyl alcohol, 
became converted into hyponitrite and then, by the action of 
more methyl alcohol, was changed into the potassium salt of 
formoliydroxamic acid : 

CH3OH + KNO2 = HO.CH : N.OK + HgO. 

^ Prolonged exposure to light resulted in a further reduction, 
ammonia being formed. 

According to Baudisch, ammonia in plants is oxidized by 
oxidases or by ultra-violet light, and the resulting product 
combines with formaldehyde to form aci-nitromethane which, 
being a reactive substance, takes part in vegetable syntheses. 

If we assume the presence of ammonia and carbohydrates, 
however, the further reactions may be formulated in other ways. 
Since unripe plants contain a high percentage of amides, we may 
postulate that the first step in the synthesis of the proteins is 
the production of an amide. We are then faced with a certain 
difiioulty ; for it is clear that an inversion of some kind must 
take place in order to convert the group (I.) into the group (II.), 

tr 1 Baudisch, Ber,, 1911, 44, 1009. 


r 
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wHcli entails tlie transference of tlie nitrogen atom from one 
canbon atom to the next 


-CH^— CO— NH2 
(I) 


™CH— COOH 


NH, 


(IL) 


f Such, transferences are quite possible on lines with which we 
are already familiar. The following symbols show the applica- 
tion of the pinacone rearrangement to the problem : — 


CH.OH 


H—C—OH 


CH.OH 


H^C— 


revolution 


f 'I' exchange 


CH.OH 

CH.OH 

+HO. 


CH.OH HO— C—NHa 

I I 

H—C— OH OH 


H- 

-H2O 


CH.OH 


HO— C— OH 

I 

OH 

CH.OH 


CH.OH 

I 

-C— HH. 


COOH 


CH.OH 


CO HO— C— OH 

I I revolution } 1 ^ 

jjw NHa H— 0— OH NHa— C OH NH,-C— OH 


HH.— G— OH 


exchange 


-HoO 


H_„C OH 


CHO 


OH OH 

Another method by which the transference of the nitrogen 
atom to the neighbouring carbon might be accomplished is by 
the temporary production of a three-membered ring which, 
as soon as formed, might open up again in a new place. In 
this way the reaction is reduced to the simple subtraction and 
readdition of a molecule of water— 


CH.OH 

CH.OH 

CH.OH 

1 -mo 

[ 

+HsO 

CH OHi 

1 i 

CH. 

! >NH 

" CH.NH 

CO— NH.Hi 

CO'' 

COOH 
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‘^" Tlie production of the original amide radicle may be attri- 
buted to the formation and partial hydrolysis of a cyanhydrin 
of the sugar ; for hydrocyanic acid is known to be formed in 
^ plants in quantities sufficient to yield the required cyanhydrins. 

Much more probable than either of the above suggestions 
is the following, which is based upon an observation of de Jong ^ 
in the case of pyruvic acid. When ammonium pyruvate is 
mixed with pyruvic acid the reaction takes the following course.*^ 
In the first place the two pyruvic molecules (I.) react with 
ammonia from the ammonium salt to form an imino-compound 
(II.). This substance then loses water, and forms the lactone 
(III.). A molecule of water is then taken up and carbon dioxide 
is split off, yielding the substance (IV.), which immediately 
eliminates another molecule of water, producing a-acetyl-amino- 
propionic acid (V.) : 
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Now it will be seen that this reaction leads to the formation 
of the typ)e of amino-acid most common among the protein 
derivatives — ^the a-amino-acid ; for the acetyl group could 

easily be hydrolysed away by enzyme .action. 

^ De Jong, Mec. trav, chim., 1900 , 19 , 259 ; 1904, 23, 13 L 
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The application, of this to more complex cases is not dif- 
ficu’lt. It will be remembered that in the section dealing 
with the formation of fats it was 2 >oiiited out that a very 
simple process would lead from the carbohydrates of 
the type R—CH.OH— CH.OH— OHC.OH—CH.OH— CHO to 
derivatives of the structure R— CHg — CHg— CO— CO— COOH. 
Oxidation of the latter would yield homologues of pyruvic acid, 
’the number of carbon atoms in the group R depending upon 
the length of the carbohydrate chain which serves as a raw 
material. Once these pyruvic acid (derivatives have been pro- 
duced, there is no reason why they should not undergo de Jong’s 
reaction and form the corresponding cx-amino-acids ; and in this 
way the raw materials for polypeptide and protein syntheses 
might be produced.^ 

In connection with the protein syntheses, another point 
of interest arises, though it must be classed as a purely specula- 
tive one. If two molecules of fortnaldehyde could be induced 
to condense together in the following manner, keten would be 
^formed ; and from this, by polymerization, chains of polyketide 
might be formed : 

H^C : 0 + H^C : 0 = HaO H- CHa : C : 0 

Now, similarly, we might devise a synthesis in the nitrogen 
group : 

NH 3 -f (HOlaC ; 0 = 2 H 2 O + NH : C : 0 
This compoimd is, of course, isomeric with cyanic acid. 

t For present purposes, however, our interest in it arises 
from the fact that it is obviously the nitrogen analogue of keten : 

CH2:0:0 NH : 0 : 0 

and, from this similarity, we may term the compound aziketen. 
Now Just as keten can polymerize to long chains which then add 
on water to form polyketides, so aziketen should polymerize and 
hydrate in order to produce the simplest type of polypeptide — 

NHa— CO— NH— CO— NH— CO— NH— COOH 
f It is at this point desirable to bring the matter into touch 
with actual practice. If we examine the formula of uric acid, 
it requires no great stretch of imagination to recognize that 

1 For other suggestions see Haas and Hill, Chemistry of Plant Products 
(1917), pp. 333 ff. 
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the purine compounds are derivatives of this type of^olypeptide, 
probably produced from the open-chain compound by reduction 
accompanied by ring formation : 
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Thus the break-down of the sugars into the various aromatic 
and pyrone derivatives would find its analogue in the formation 
of the uric acid derivatives from the proteins. 

t Another suggestion as to the production of purine deriva- 
tives by vital processes may be put forward. In the break- 
down of proteins, amino-acids of the type R— CH(NH 2 )— COOH 
are formed. Now in the oxidation of these, it is possible that 
the hydrocarbon chain R is burned away first, leaving behind 
the potential — NH.GO — portions, which may then unite to 
form uric acid and its derivatives. 


16. The Carbohydrates and the De;psides 

The application of Collie’s views to the formation of natural 
depsides can be illustrated by the case of the moss acids. Here 
the fundamental skeleton is to be found in orsellinic acid ; and 
^the starting-point would be an acid derived from a methyl- 
heptose (L). Removal of three molecules of water, as indicated 
by the heavy type of this formula, would produce the polyketide 
derivative (IL), which is obviously an enolic derivative of the 
straight-chain tetracetic acid. A further loss of one molecule 
of water by elimination of the atoms shown in heavy type would 
yield orsellinic acid (III.). 

The production of orsellinic acid would lead on to the syntheses 
of the remaining moss acids. By esterifying the carboxyl group 
of one molecule of orsellinic acid with a hydroxyl group belong- 
ing to another molecule, lecanoric acid W'ould be formed. The 
methylation of one hydroxyl group of orsellinic acid would yield 
everninic acid ; and a combination of the remaining hydroxyl 
radicle of this with a second molecule of orsellinic acid would 
produce evernic acid. 
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CH3 . CH(OH).CH(OH).OH(OH).CH(OH).CH(OH).CH(OH).COOH 
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Orseilinic acid. 


It is thus evident that Collie’s ideas are capable of accounting 
for the changes necessary to convert a carbohydrate into the 
principal moss depside derivatives. 


17. Conclusion 

In this chapter an attempt has been made to sketch certain 
methods by which natural products may possibly come into 
existence in the organism, but it cannot be too strongly empha- 
sized that they are intended merely as suggestions and not 
as dogmatic attempts to settle the problems involved. If they 
have brought to the notice of the reader the questions which ’ 
arise in this branch of chemistry and have inspired any desire 
to go further into the matter, they have amply fulfilled the 
object for which they were written. We are at present far 
fro.m a definite knowledge of how the vital machine carries out 
its work ; but if the ideas collected in the present chapter induce 
the reader to speculate for himself on the subject, he will find a 
most fascinating field open to him. 

One point which certainly comes into prominence in the 
foregoing pages is the fact that, by a series of hypothetical 
dehydrations and rehydrations, it is easy to see how very different 
types of grouping might be produced. A system which is 
capable of accounting for the production of such widely varying 
materials as benzene derivatives, pyrrols, pyridine derivatives. 
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pyroneSj antliocyanins, depsides, fats and alkaloids l^as evidently 
something more than mere plausibility behind it. We are Hot 
yet able to carry out these changes in the laboratory, except in 
the case of the polyketide derivatives ; but it will be surprising 
if sooner or later some experimental evidence is not found to bear 
out much that has been advanced in the preceding sections. 

f Should the reader wish to pursue speculations in this 
field the following questions may serve to guide his attention*" 
to some hitherto unsolved problems. The fatty acids of the 
acetic series are quite common in nature, whilst their hydroxy- 
derivatives — with the exception of lactic acid — are hardly 
represented at all. Why should this be so ? Why do all the 
important sugars and starches contain a chain of five or six 
or a multiple of five or six carbon atoms ? Why are the majority 
of the amino-acids obtained from the proteins the a-amino-acids ? 
Why are the and me^a-derivatives so strongly represented 
among naturally occurring benzene derivatives, whilst the 
majority of the terpenes are derived from pam-cymene ? 

t In such broad generalities there must surely be some 
simple solution. The curious thing is — not that the answers*^ 
to these questions are omitted from the ordinary text-books, 
but rather that the questions do not appear to have suggested 
themselves to the writers at all. 
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Abietio acid, 128; 178-185, 186, 189, 
191, 193,194,215 
, structure, 182 
Abietinal, 185 ■ 

Abietinol, 183, 184, 185 
Absorption spectra, 30, 31 , 32 

— — of stereoisomerides, 24 
Acacateebin, 368 

Acacia FaTnesiana, l%2 

— heart-wood, 368 
Acetoacetic acid, 403, 417 

— ester, 415 

Aceto-J3-bromogentiobiose, 78 
Acetolysis, 85, 86 

6>-Acetoxy-4-benzyloxy-3 i 5-dimeth- 
oxyacetophenone, 320 
Acetylacetone, 403 
a- Acetyl -aminopropionic acid, 420 
Acetylated oellodextrins, 86 

— cellulose, 86 

— oligosaccharides, 86 
Acetyldeoxyglycyrrhetic acid, 222 
6-Aoetyi-4 : 9-dimethyl decahydro- 

naphthalene, 144 
Acetyleverninaldehyde, 344 
4- ASetyl-1 -methyl- ^-cyclohexene, 

127 ■ ' 

Acetyloleanolic acid, 218 
Achroodextrins, 92 
Acids, 12, 384 
Aci-nitromethane, 418 
Acrolein, 234, 235 
Adhatoda vasica, 272 
Adrenalme, 9, 247, 253, 254 
Adrenalone, 247 
Agar-agar, 108 
Agar, methylated, 108 
Agathic Dicarboxyiic acid, 190-194, 
195, 196,215“ 
d- Alanine, 19 
Albumoses, 388, 392 
Aldol condensation, 390, 412 
Alginie acid, 117-118 
Alkaloids, 2, 384 
— , Angostura, 241-245 
— , Anhalonium or Cactus, 245-254 
--jAreoa Nut, '233-236 v - ^ 

— , Ergot, 276-286 
— , Glyoxaiine, 225-233 
— , Harmaiine, 287-289 
— , Indole, 276-307 

YOL. n. 


Alkaloids, /soquinoline and Phenan- 
threne, relationship, 268-270 
— , Phenanthrene, 254-270 
— , Phenanthridine, 270-272 
— , Quinazoline, 272-275 
— , vital synthesis, 410-413, 424 
Yohimbe, 289-295 
j3-AlkyigiuGosides, 74 
a-Alkylglutaconie acid, 14 
y-Alkylglutaconic acid, 14 
Alkyl nitrites, 14 
— sulphides, 13 
Amaryiiidaceae, 270 
Amidomethyiglyoxaline mercaptan, 
232 

Amines, 13 
Amino -acids, 388 

alcohols, 390, 391 

aldehyde, 391 

1- Amino-anthraquinone, 5 

2- Amino-anthraquinone, 5 
o-Aminobenzaidehyde, 274, 275 
o-Aminobenzylamine, 274 
Y“Aminobutyraldehyde, acetal, 274 
jB-Ammo-crotonic acid, 403 
Aminodihydro-P-caryophyllene, 165 

1 : 2'- Amino-3' ; 4'-dimethoxybenzyl- 
2-methyl-l : 2 ; 3 : 4-tetrahydi'o- 
isoquinoline, 261 
S-jS-Aminoethylindole, 294, 302 
y-Amino-a-hydroxybutyraidehyde, 
■275 

Aminolaudanosine, 267 
Aminomethyl d-homopilopoyl ketone 
hydrochloride, 230, 231 

3- Ammo-l-naphthoic acid, 281 
_p-Amiaophenyl-arsenic acid, 7 
o-Aminopropiophenone, 292 
d-S-Aminopropyi alcohol, 277, 278, 

283 ; 

Ammonium cyanate, 31 
Ampelosin, 323 
Amphoteric electrolytes, 12 
diAmygdalamide, 78 
Amygdaiin, 77-78 
^-Amylase, 93, 96, 97, 98 
Amylene, 203 
Amylodextrins, 92 
a-Amylodextrm, 93 
Amylopectin, 90, 91 
— , enzymic synthesis, 98 

2 E 
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Amylopectin, laminated molecular 
structure, 97, 99 

— •, ramified molecular structure, 98 
— , structure, 94-99 
Amylose, 90, 91, 92, 93, 98, 99 

— acetate, birefringent, 95 

— — , - X-ray diffraction, 95 
' 'structure, 94-99 

— , syntbetic, 90 
^ a-x4myrenedione, 219 
■ ■ Amyrenols, 217 
Amyrenone, 218 
a-Amyrenone, 219 
a-Amyrenonol, 219 
a-Amyrin, 217-220 
jS-Amyrin, 213, 217-220, 222, 223 
Angostura bark, 241 
Anbalamine, 245, 248-250, 254 
Anbalidine, 245, 253-254 
Anhaline, 245, 246, 254 
Anbalinine, 245, 253-254 
Anbalonidine, 245, 250-252, 254 
Anbalonine, 245, 252-253, 254 
Anhalonium Lewinii, 245 
Anisic acid, 241 

Anisyltrimetboxyphenopyrylium, 
chloride, 316 

Anomalous electric absorption, 31 
Anthocyanidins, 311, 372 
— , synthesis, 318-321 
Anthocyanin, synthesis, 321-822 
Anthocyanins, 3, 308-328, 409, 424 
— , as carbonium compounds, 313 
— , as pyrylium compounds, 313 
— , extraction from flowers, 309-311 
Anthracene derivatives, 408 
Anthraquinone, 5 
Apiose, 414, 415 
Aj?o-cadalene, 131, 132 
7 -Tc-Apocamphaneearboxylic acid, 149 
150 

Apo morphine, 260, 261, 262, 267, 269, 

,■ : 270 . 

Aporphines, 267-268 
Arabinose, 50, 59, 60, 112, 113, 114 
115,417 

y- Arabinose, 00, 61 

«^-Arabo-trimethoxygiutaric acid, 58 

Z-Arabo4rimethoxygJutaric acid, 49 

Arbntin, 76-77 

Archaeopteryx, 25 

Areca Oatechiif 233 

Arecaidine, 233-236 

Arecaine, 233 

Areca ISTut, 233 

Arecoiidine, 233, 235 

Arecoiine, 233-236 

Arsamin, 7 

i- Aspartic acid, 18 

Asterin, 323 


Asymmetric arsenic compounds, 16 

— carbon atom, 16, IF, 18 

— chromium compounds, 16 

— cobalt compounds, 16 

— iron compounds, 16 

— phosphorus compounds, 16 

— rhodium compounds, 16 

— selenium compounds, 16 

— silicon compounds, 16 

— sulphur compounds, 16 

— tin compounds, 16 

Atoxyl, 7 ^ 

Aziketen, 421 
Azuiene, 162 
Azulenes, 160-162, 172 
— , synthetic, 162 

Babley diastase, 91, 92 

— roots, 108 

Basseol, 201, 213, 223-224 
Beckmann change, 263 
Benzene, 388, 423 

— compounds, relation to carbo- 

hydrates, 406-408 

polyketides, 406-408 

— , constitution, 11 
— , orientation of substituents, 12 
^ — , parachor, 28 

1 ; 2:3: 4-Benzene tetracarboxylic 
acid, 134 

Benzimidazole, 225 
Benzoin condensation, 390 
Benzoquinone, 189 

l?-Benzoyl-acetyl-protocatechuic acid, 
340 

X-Benzoylaminophenol, 341 
Benzoyl histidine, 233 
0-Benzoyl-o-nitrophenol, 341 
2-Benzoyloxy-4 : 6-dihydroxybenz- 
aldehyde, 318, 319 

5- 0-Benzo3dpeonidin chloride, 319 
0-Benzoyl-phlorogiucin-aldehyde, 320 
w-Benzoyl-protocatechuic acid, 340 
Benzoylsaiicin, 317 

Benzpyrene compound, 404 
Benzylidene harmine, 288 

6- Benzyioxy-3 : 4-dimethoxyphenyi- 

ethyiamine, 250 
Berberine, 247, 269, 270 
Berberonio acid, 292 
Betel-hut palm seeds, 233 
Betulin, 223 
Bile,:'4 

Bisaboiene, 125-127, 203, 204 
synthetic, 126 

— , trihydrochloride, 126, 127 
Bisaboioi, 125-127 
— , structure, 127 
a-BisaboIol, structure, 125 
^«>hydroxy-methylene-aeetone, 405 
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Bitter almonds, 77 
Bixm, 174 . « 

BloM, 4 , , , 

Borneo], 210 
TT-Borneol, 150 

Bromocaryophyllemc acid, 168 
'5-Bromo-2rmet]iyl- A'^-pentene, Grig- 
nard reagent from., 127 
Bromophenylacetic acid, optically 
active, 19 

a-Bromo-p-plienyipropionic acid, 20 
®d-a-Bromopropiomc acid, 19 
^a-Bromopropionic acid, 19 
Bronco-pneumonia, 8 
Brucine, 295-307 
• — , optically active, 17, 18 
Brucinonic acid, 302, 303 
Buellia canescenSy 351 
Bulbocapnine, 267 

Cadalene, 127-133, 134, 139 
— , structure, 129 
Cade oil, 137 

Cadinene, 128, 130, 133-137 
a-Cadinene, structure, 135 
|3-Cadinene, structure, 135 
Oadinols, 133-137 
a-Cadinol, structure, 136 
<^-Cadmoi, structure, 136 
y-Gadinol, 136 
Calcium mannonate, 62 
— - pectate, 1 13 
Caliistepbin chloride, 320, 321 
Camphene, 149, 184 
Camphor, 2, 149, 150 
Camphorenes, 176-178 
a-Gamphorene, 176, 177, 178 
(3-Camphorene, 178 
Carbazole, 302 

O^Carbethoxy-o-aminopbenol, 341 
N-Carbethoxy-o-ammophenoi, 341 
Carbinoiamines, 412 
Carbohydrates, 2, 3 
— , alkylation of, 43-46 

— constitutions, 36-78 

— , relation to benzene compounds, 
406-498 

j)ol3^ketides, 405-406 

— — pyi’ones, 408 

— vital sjmthesis, 394-399, 400 
4-Carboline system, 295 
Carbon dioxide, resonance, 33 

, atomic distances, 34 

, heat of formation, 34 

Carbonyl bonds, 4 

Garvone, 129 
Caryophyllenes, 163-173 
a-Oar^^ophyllene, 163 
p-Caryophyllene, 163, 164, 166, 172 
y-Caryophyllene, 163, 164 


Caryophyilene alcohol, 163, 164 

— oxide, 165 
Caryophyllenie acid, 169 
Castor bean, 236 
Catechins, 365, 366-370, 372 
d-Catechin, 368 
^-Catechin, 368 
r-Gatechin, 367, 368 
Celery-seed oil, 140 
Cellobiose, 39, 71, 85, 86, 87 
Cellodextrin, 86 
Ceilohexaose, 86 
Celiotetraose, 86, 87 
Cellotriose, 86 

Cellulose, 3, 24, 36, 39, 45, 71, 82, 
83-89, 384, 385, 386, 387, 388, 
403 

— acetate, 88 

— , constitution, 83-87 
— , molecular size and shape, 88-89 
— •, — weights, 89 
— specific optical rotation, 106 
— , X-ray analysis, 87 
Chamazulene, 160 
Chelidonic acid, 409 
Chinese tannin, 3, 360-361 
C]iloroacetyl-t 5 ^rosme, 331 
3-Chlorobutan-2-one, 348 
Chiorocodeine, 264, 265 
Chlorodepsides, 351-355 
Chlorodihydroteresantalic ester, 150 
Chloroformic methyl ester, 331, 336 
2-0hloro-7-methoxy-4-methylquino- 
line, 242 

Cliloromethyl d-homopilopoyl ketone, 
230, 231 

d-a-Chloro-a-phenylpropionic acid, 19 
i^-a-Chloro-oc-phenylpropionic acid, 19 
Chlorophyll, 3, 174, 396 
^-Chloropropaldehyde acetal, 234, 235 ‘ 
(^-Chiorosuccinic acid, 18 
^-Chlorosuecinic acid, 18 
Ohrysanthemm, 323 
Cinnamic acid, 20, 372, 389 
c^-Ois-caryophyilenic acid, 165, 166, 
168 ■ 

d-Ois-Z : 3-dimethylcyclobutane-l ; 2- 
dicarboxylic acid, 166 
d-G25-norcarvophyllenio acid, 165, 

166, 168 

dl*Oi<s-?^o?•caryGphyllenic acid, 167 
C^<s-i^ra7^5-isomerism, Hantzseh-Wer- 
ner theory of, 20, 21 
Citral, 393 
Citronelial, 393 
Claviceps purpurea, 276 
Clemmensen’s method of reduction, 

154 

Clovene, 163, 164, 165, 172, 173 
Codeine, 254, 355, 256, 257-265, 266 



436 


SUBJECT INDEX 


[S-Codeme, 266 

Codeine, metbyl ammonium iodide, 
: , '255 ■ ^ 

Codeinone, 258, 262, 265, 266 
Colopliony, 178 

Frenoii, 185, 189 ■ 

Conidendxin, 376-380, 381 

1- Conidendrin, 372, 373 

2- Conidendrin, dimethyl ether, 381 
Coniferyl alcohol, 372, 373 
Conjugated system of double bonds, 

magnetic rotatory power, 29 

— j refractivity of, 29 

Conjugation, 30 
Copaene, 134 
Cotarnine, 253 
Coumarin, 372 
Crystallite, 24 
Cusparia, 241 
Cusparidine, 241 
Gusparine, 241, 244 
Cyanidin, 311-316, 317, 323, 409, 410 
Cyanidin chloride, 311, 312, 313, 314- 
316, 320, 367, 368 
Cyanin, 311-316, 321 
— , chloride, 310, 311, 314-316, 318 

3- Cyano-N -methyl- A ^-tetrahydro- 

pyridine hydrochloride, 234, 235 
CycZo-citral, 393 

Gyclo-hexanone-4-carboxylie acid, 
oxime, 20, 21 

OycZopenteno -cyc^oheptanone, 162 
p-C3^mene, 424 
2-Cym.ylacetic ester, 129 
a-Cyperene, 156 

a-Cyperol, 3 : 5-dinitro benzoate, 156 
oc-Cyperone, 155-158, 159 
p-Cyperone, 158, 159 
„ K-Cyperone, hydroxymethylene, 157 
— , semicarbazone, 157 
Cyperones, sjmtheses, 159 
Oyperus rottmdus oil, 155 

Dacrydiiim biforme^ New Zealand pine, 
194 

Dacrydium Colensoi^ New Zealand 
pine, 194 

Decah 3 ?droiiaphthalene, 145 
Becahydrosqualene, 207 
Decaiin, 145 

Becamethyi-p-methylcellotrioside, 87 
Decarbousnic acid, 350 
Becarbousnol, 350 
Dehydracetic acid, 403, 404 
Behydro-a-amyrin, 219 
Behydrolysergic acid, 280 
Bebj^-dronerolidol, 123 
Behydronorcaryophyllenic acid, 165, 
l66, 167 

Belpbinidin, 317-318, 323 


Belphinin, 317-318 
Beoxychloro vasicine, 272 
Beoxystrycbnine, 298 
Beoxyvasicine, 272, 273, 274 
Bepsides, 329-371 
— , intramolecular change, 340-341 
— , synthesis, 335-339 

— Tannins, 355-364 

— , vital syntheses, 422-423, 424 
Bextrins, 91, 92, 94, 96, 97, 98 
Biacetonamine, 393 
co-4-Biacetoxy-acetophenone, 320 
m-4-Biacetoxy-methoxyacetophenone, 
319 

Biacetylacetone, 11, 391 

3 ; 5-Biacetyl-gallie acid, 336, 337 
Biamidoacetone hydrochloride, 232 
Biarvlbiitanes, 372 

Biastase, 66, 79, 392 
Biazines, aliphatic, 4 
Biazomethyl d-homopilopoyl ketone, 

230,231 

— piiopoyl ketone, 230, 231 
BibromoTiorcaryophylienic acid, 165 
1, 5-Bibromopentane, 9, 10 
Bicarbomethoxy-orsellinic acid chlor- 
ide, 343 

BicarboxylicdimethylcycZohexane 

acetic acid, 182 ^ 

Bieentrine, 267 
2 : 4-Bichlor-orcinol, 352 

4 : 6-Bichloro-o-orsellimc acid methyl 

ester, 352 

Bidepside, 332, 333 
l-Biethylaminopentan-3-one, meth- 
iodide, 159 

Biethyl-lead dibromide, 10 

tin dichloride, 10 

Bigaiiio acid, 329, 330, 332, 337, 357, 
358 

w-Bigallic acid, methylated, 357 
Bihydroabietic acid, 179 
Bihydrobasseol, 223 
Bihydrobetulin, 223 
Bihydrocadinene, 135 
Bihydrocadmoi, 135 
Z-Bihydrocarvone, 159 
Bihydrocaryophyliene, 165, 170 
Bihydrocodeine, 266 
Bihydrocodeinone, 263 
Bihydro-a-cyperol, 155, 156 
Dihydroeremorphiloi, 152, 153 
Bihydroeiidesmol, 144 
Bihydroguaiaretic acid, 374 
dZ-Bihydroguaiaretie acid dimethyl 
ether, 374, 375 
Bihydroharmine, 287 
Bihydro-tb-ionone, 203, 205 
Bihydro2'5oagathic dicarboxylic acid, 
191 
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X)iliy<irolycorine, 270 , 

.Diliydrolysergk acid, 279, 281 
Dibydromanoene dibydrochloride, 196 
^ . 197, 200 
Bibydromanool, 197 
Bihydromanoyl oxide, 196 
:• Bibydropimario acid, 189, ■ 
Bibydro-pseudo-iGnone, 122, 123 
Bibydrosciareoi, 200 
Bibydrostrychnidine, 297 
Bibydrostrycbninonic acid, 299, 301 
Bibydroteresantalic acid, 149, 150 
Bibydroteresantalol, 150 
Bi-[p-hydroxybenzoyl]-jp-bydroxy- 
benzoio acid, 333 

Bibydroxy-diamino-arsenobenzene- 
dibydrochloride, see salvarsan 
2 : 6-I)ibydroxy-4-metboxy-3-metbyl- 
acetophenone, 348 

2 : 4-I)ihydroxypyridme, 237 
Dihydro “Zingiberene, 138 
Bi^®opropylideiie-<^-galacturonic acid, 

62 

Diketo-acenapbtbenequinone, 6 
oc-Biketones, absorption spectra, 32 
Dimetboxyapomorphine, 261 

3 : 4-Dimethoxybenzaldehyde, 242 

6 : 7-Dimetboxy-l-{3' : 4'-dimethoxy“ 
pbenyl) -2-bydroxymetbylnapb- 
tbalene-3-carboxylic acid, lactone, 
379 

4 : 5-Dimethoxy-3-etboxypbthalio 
acid, 252 

3 : 4-Bimetboxy-l-metbyl-l : 2-di- 
* bydropyridine, 235 
4 : 5-Bimethoxy-N-oxalylanthranilic 
acid, 304 

3 : 4-Bimethoxypbenvlacetonitrile, 

374 

3-(3' : 4'-Bimethoxyphenyl)-5 : 7- 
dimetboxycbroman, 370 
aS-Di-(3 : 4-dimetboxypbenyl)-pY-di- 
(bydroxymetbyl) -butane, 381 
Bimetboxyprotocatecbuic aldehyde, 
311 

Bimetboxystrycbnine, 295, 304 
c^-Dimethoxysuccinic acid, 51, 52 
Z-Bimetboxysuccinic acid, 80 
i-Bimetboxysuccinic acid, 118 
Dimethyl agatbate, 193 
2 : 3-Dimetbyibenzoic acid, 290, 291, 
292, 293 

3 : 3-Binietbyl-A^"<^2/^^<^^^^®^®"^ • 2-di- 
carboxylic acid, 166, 167 
BimetbylcycZobexane tricarboxylic 
acid, 182 

2 ; 6-Bin2etbyI-A^“<5yc?obexenyl 
methyl ketone, 145 
Pj3“Bimetbylcysteme, 8 
6 : S-Dimetbylergoiine, 281, 282, 283 


5 : 9-Bimetbyl-3-etbyldecabydro- 
naphthaiene, 146 
Dimethyl-gallic acid, 357 
mete-pam-Dimethyl-galiic acid, 357, 
358 , 

Dimethyl glucose, 100, 102, 103, 104 
2 ; 3-Bimetbylglucose, 97, 102 
Bimethylglyoxalines, 229 

2 : 3-Dimethyi-6-bydi’oxy-7-metboxy- 

naphthaiene, 374 

3 : 4-DimetbylindoIe, 279 
Bimethylinulin, 79 

1 : 4-Dimethyl-7-'isopropylazulene,i60 
1 : 2-Bimetbvl-7-'i6'opropylnaplitlia- 
lene,156, 159 

1 ; 3-Bimethyl-7-fsopropyinapbtha- 
lene, 157 

1 : 4-Dimetbyl-6-wopropyInaphtba- 
iene, 161 

1 : 5-I)imethyl-7-{sopropyInapbtha- 
lene, 152, 161 

1 ; 6-Bimethyl-7-i6‘opropylnaphtba- 

iene, 153 

2 : 3-Dimethyl-d-mannuronic acid, 
118 

2 : 7-Dimetlivlnaphthalene, 211, 215, 

217, 22f, 223 

4 ; 8-Dimethyl-nonoic acid, 204, 206, 

207 

0-Bimetbylorseilinoyl chloride, 346 
1 : 7-Bimethylpbenantbrene, 185, 187, 
191 194 199 

1 : 8-Dimetbylpicene, 211, 217, 221 
Bimethylpyrone, 404 
Bimetbylpyruvio acid, 277, 278, 285, 
286 

a.s-Bimetbylsuccinio acid, 165, 166, 
169 

d-Bimetbyltartaric acid, 55 , 

Z-Bimethyltartaric acid, 65 
0-Bimethylusneol, 348 
Bimyrcenes, 176 
Bmaphthol compound, 404 

3 : 5-Binitrobenzoic acid, 300 

5 : 7-Binitroindole-2 : 3-dicarboxylic 

acid, 302 

Biphenyl 3 : 4 : 5 : 8 : 9 : 10-hexa- 
methoxy- 1 : 6-dicarboxylic 
methyl ester, 365 
- — iodonium hydroxide, 10 

methyloiid-3 : 4 : 5 : S : 9-pcnta- 

methoxy-6-carboxylic metb^^l 
ester, 365 
Biploicin, 351-353 
Disaccharides, 63-71 
Diseptai A, 8 
— B,8 
C ,.8 

Diterpenes, 174-200 
Duicitol,341 
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' Ekasantalal, 146, 147, 148 
Ekasantalic acid, 147, 148 
Electrical double refraction, 31 
Ellagic acid, 364, 365 
Eilagitarmins, 364-365 
Emission spectra, 30 
Emulsin, 53, 72, 73, 74, 76, 77, 86 , 
106 

Enzyme action. Collie’s theory, 399- 

: ■ 402 

Enzymes, 37, 386, 387, 391, 392 
P-Enzyme, 98, 99 
Q-Enzyine, 98, 99 
d-iipicateebin, 368 
l-EinQdbtechin, 368 
'r-Ep?icatechin, 367, 368, 369 
Eremorphiione, 151-153, 154, 155, 
157 

— hydrosjnnetliyleiie, 152 

— oxide, 154 

— , structure, 153 
Ergine, 285 
Ergocristine, 277 
Ergocristinine, 277 
Ergolinc, 281, 282 
Ergoiines, 281-283 
Ergometrine, 277, 233-284 
Ergometrinine, 277, 283-284 
d-Ergometrinine, 279 
Ergosine, 277, 284-286 
Ergosinine, 277, 284-286 
Ergot, 9, 276 
Ergotamine, 277, 284-286 
Ergotaminine, 277, 2S4-2S6 
Ergotinine, 276, 277, 284-286 
(t-Ergotinine, 276, 277 
liirgotoxine, 276, 277, 284-2S6 
Erythrodextrins, 92 
^.Erythrodiol, 213, 222 
Ethyl-a-bromopropionate, 159 

— 6 -carbethoxyc 2 /cZohexanone- 2 : 6 - 

jSp'-dipropionate, 305 

— 2 -carbethoxycycZohexanone- 2 -P- 
propionate, 305 

— 6 -carbethoxycycfohexanone- 2 -p- 
propionate, 305 

— chloride, 9 

— -j^-ehloropropionate, 159, 305 

— aa^-dibromo-SS-dimeth^dadipate, 

167 

Ethylene,, 9 

Ethylene bromide, paraehor, 28 
Ethyl ethyisuccinate, 229 

— formate, 229 
3-Ethylmdole, 289 

1 -EthyI-7 -'jsopropylphenanthxene, 1 83 
Ethylitamalates, 230, 231 
Ethyl pilopates, 230, 231 

— pimarate, 186 
a-Ethyltricarballylic acid, 226 


p-Eucaine, 9 
Eucalyptus, 143 f 
Eucalyptus Macartlmrlf 145 * 

Eudalene,, 127-133, 141 , 152 , 154 , 155 
Eudesmol, 130, 143-146 
a-Eudesmol, 144, 145 
j6-EndesmoI, 144, 145 
Eudesmol, cts-configuration, 146 
— , dihydrochloride, 144 
Eugenia caryophyllata TMinb., 163 
Eugenol, 163 

Evernic acid, 341 , 343-345, 422 
Everninic acid, 341, 342, 343, 344, 422 
Exhaustive methylation, 255, 271, 272 

Eak.is'esal, 122, 124 

— , nitrile, 122 

Earnesene, 122-125, 127 

— , structure, 125 

Earnesenic acid, 122, 123, 124 

Earnesol, 122-125, 126, 207 

— , structure, 122, 124 

Earnesyl bromide, 207 

Eats, 384, 416-417, 424 

Eenchyl alcohol, 210 

Eisoher indole synthesis, 306 

Fisetinidin chloride, 368 

Elavanthrene, 5 

Elavones, 3, 324, 372 

Elavpinacols, 370-371 ^ 

Eiax pectin, 112 

Fluorescence, 30 

Eormyiethylsuccinate, 230, 231 

Eriedel-Crafts reaction, 130 

Fructoses, 56-59, 64, 73 

Fructose, 79 

a-Eructose, 56, 60 

p-Eructose, 56, 60 

y-Eructose, 56, 57, 64, 65, 73, 80 

d-Fructose, 72, 79 

Euran, 59 

Euranose structures, 59-61 
Fuson’s reagent, 156 

Gaillardia bicolor, 323 
Galactose, 38, 71, 112, 113, 114, 115, 
117: 

d-Galactose, 61, 112 
Galactose diwopropylidene ether, 01, 
62 

d-Galactose-gaiacturonic acid, 112 
d-Galacturonie acid, 61, 62, 63, ill, 
112, 113, 117 
Gaibanum oil, 133, 135 
Galipidine, 241 
Gaiipine, 241 
Gaiipoline, 241, 244, 245 
Gallic acid, 247, 318, 329, 334, 336, 

337, 356, 365 
Gambler catechu, 368 
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Gangaleoiclin, 351, 353-355 
Genesis of pia^t pigments, 409 
GeJitianose, '72-73 
Gentian roots, 72 
Gentiobiose, 72, 73, 77, 78 
Geraniol, 393 

— -linaiool isom,eric change, 264 
Geranyl chloride, 123 

' Ginger oil, 137 ... . 

Gladiolus TuUpa Gesnerianat 323 
, Glaneine,' 267, ■20.8, .269 ■' 

1 : 6-Gliicopyi-anose, 83 
— - -4-a-gliicopyranoside (maltose), 
structure, 93 
Glucosamine, 53 
Glucosan, 108 

Glucose, 40, 50-56, 59, 66, 73, 76, 77, 
83, 86, 91, 94, 105, 311, 315, 316, 
317, 323, 356, 357, 359 
a-Glucose, 40, 60, 101 
p-Giucose, 40, 59, 74, 105 
y-Glucose, 40, 55, 56, 60, 61 
d-Glucose, 75, 77, 79 
Glucose dimethylacetal, 47 
— , methylation of, 43 

— penta-acetate, 86 

1 -phosphate, 96, 98, 99 

— ■ -6 -phosphoric acid, 94 
—, structure, 51, 53 
cc-Glucosidase, 86, 97, 98 
^-Glucosidase, 86 
|3-Glucoside, 74 
Glucoside constitutions, 78-78 
Giucosides, alkyl, 41 
pTGIucosido-gallic acid, 456 
Glucuronic acid, 61 
d-Giueuronic acid, 61, 02 
Glutaconic acid, 14, 15 
d-Glyceric acid, 116 
Glycine, 19 

Glycogen, 36, 39, 68, 100-104 
— constitution and molecular size, 
100-104 

— , specific optical rotation, 106 

— triacetate, 100, 103 
Glycoliie acid, 298, 299 

— aldehyde, 395 
Glycoproteins, 61 
Giycyi-tyi'osyl-glycme, 331 
Glyeyrrhetic acid, 213, 221-222 
Glyoxal, 225 

Glyoxaline formaldehyde, 232 
Glyoxyiic acid, 108 
S-Guaiacaziilene, 160, 161, 162 
Guaiacol, 372, 380 ^ 

Guaiacum officinale, 374 
Guaiacum resin, 374 
Guaiacum sanctum, 374 
^-Guaiaretic acid, 372, 373, 374-375, 
381 


Guaiol, 160, 161 
Gum arabic, 61 
Guvacine, 233, 234 
Guvacoiine, 233-235 
Gypsogenin, 213, 221 
Gyrophoric acid, 341, 346-347 

Haemik, 4 
Harmaline, 287, 289 
Harmalol, 287 
Harman, 288, 289, 293 
Harmine, 287, 288, 289 
Harminic acid, 187 
Harmol, 287 

Hederagenin, 211-217, 218, 221 
Helenium autumnale, 323 
Helicin, 94 
Hemicelluloses, 61 
HemimelJitic acid, 290, 291 
Hemiterpenes, 119, 120 
t^-Hepta-acetylamygdaiamide, 78 
d^Hepta-acetylamygdalamide, 7 8 
Hepta-aeetylamygdalin, 78 

— -acetyi-S^-amygdalinio ethyl ester, 

78 

acetyl-p-bromogentiobiose, 77 

Heptamethyl-eellobiose-l -chloro- 
hydrin, 87 

— -P-methylceilobioside, 87 
■ — methylcellobioaide, structure, 85 
■— -methylgentiobioside, 72, 73 

— -methyllactoside, 71 
Hepta-(tribenzoyi-gaUoyl)-j)-iGdo- 

phenyl-maitosazone, 363 
Hexa-acetyldifructose anhydiido, 81 
Hexadehydroyohimbol, 294, 295 
Hexahydrocarbazole-4 : il-p^'-dipro- 
pionie acid, lactam, 305, 306 
Hexahydro-^[i-ionone, 204, 205, 206 
Hexahydroxydiphenyl, 364, 365 '■* 

Hexaliydro-zingiberene, 138, 139 
Hexenoylaniinoacetaldehyde, 9 
Hippuric acid, 232 
Hirsulin, 321 
Histidine, 232-233, 237 
Hofmann’s reaction, 240 
Homocarvophyllenic acid, 165, 168, 
169 “ 

Homopilopic acid, 226, 227, 228, 229, 
230 

d-Homopilopic acid, 230, 231 
Homopimanthrene, 186, 193 
Homoretene, 183, 184, 193 
Hordenine, 245, 246-247, 254 
Hudson Rule, 50 
Hydrastic acid, 270, 271, 272 
Hydrastine, 247, 269, 270 
Hydroquinone, 76, 77 

— monpmethyl ether, 77 
o)“Hydroxyaeetophenones, 3X9 
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<j)-Hydroxy-4-acetoxv-acetoplieiione, 

■ 320, 321 

0- Hydroxybemaldeliyde, 325 
jj-Hydroxybenzoic acid, 317, 318, 333, 

334 

jp-Hydrox 3 ^benzoyI-‘p-hydroxybeixzoic 
. acid, 333 

3 - ?»-Hy'di’oxybenz 3 d -3 :'4 : 5 : 6 -tetra- 

bjxirofjofharman, 295 
^ S-m-HjTlroxj^benzyi-S : 4 : 5 ; 6 -tetra- 
hj’droworbannan-S-carboxylic 
acid, 295 

a-Hy droxy butj’Tolactone, 27 4 
Hj'droxycodeine, 259 

4- H[ydroxy-2 : 3-C2/c2openta.notetra- 

by'droqumazoline, 274 
Hydroxy'dibydroeremorphilone, 154- 
155 

Hydroxydihydroeremorphilone, struc- 
ture, 155 

2-Hydroxy-4 : 6 -dimethoxy-aceto- 
phenone, 311 

5- Hydroxy-3 : 4-dimethoxybenzalde- 

byde, 249, 252 

4-Hydroxy-2-p-3' : 4'-dimethoxyl- 
pheaylethylquinoime, 245 

2- Hydroxy-l : 8 -dimetbyipicen©, 218 
Hydroxyeremorphiloiie, 154, 155 
Hydroxyethyidimethylamine, 256, 

259 

Hydroxyethyimetbylamine, 262 
4-Hydroxy flavans, 370-371 

3- {3-Hydroxy-6-bydroxymethyi- 

benzyl)-3 : 4 : 5 : 6 -tetra!iydro- 
^^orha^maIl, 295 
a-Hydroxyj’sovaierio acid, 285 
Hydroxymethylene eremorpMione, 
152 

4- Hydroxymetbyl glyoxaHne, 232 

1- Hydroxy- 2 -metbyitetrahydroiso- 

quinoliue, 261 
Hydroxyomitbine, 275 
^-Hydroxypbenyldimetbyletbyl- 
amine, 246 

^-Hydroxypbenyletbylaniine, 246 
Z-a-Hydroxy-a-pbenylpropionic acid, 

19 

m-Hydroxypbenylpyruvic acid, 294 

2- Hydroxypyridbie, 241 

3-carboxylio acid, 241 

Hydroxytetrabydroeremorpbilone, 

154 , 

2^-Hydi’oxy-4' : 6 ' : 3 : 4-tetrametboxy- 
obaikone, 311 

6 -Hydroxy- 1 : 2 : 6 -trimetbyliiapb- 
thaiene, 209, 211, 213, 223 
a-Hydroxyvaline, 285 

Idaeik, 323 

Imine-antbraquinones, 6 


Imino-diplienylacetic acid, 20 
Indantbreue, 5 ^ 

Indican, 75-76 * 

Indigo, 5, 6 
Indirabin, 76 

Indole-2-carboxylic acid, 289 
Indoxyl, 75, 76 
Inulin, 39, 79-82 
— , molecular size, 82 
— , structure, 81 
p-Iodo-pbenyl-maltosazone, 363 
p-Iodo-pbenylbydrazine, 363 
Isatin, 76 

/soagatbic dicarboxylio acid, 190, 191, 
193, 194 
/^oborneol, 184 
J^obutyric acid, 179 
/^obutyrylformic acid, 278 
Jsocadinene, 136, 137 
/50campbane, 149 
Jfioclovene, 163, 164, 165 
/socodeine, 265 

J^ocryptopine chloride, 269, 270 
/soeverninic acid, 346 
J^o-guvacine, 233 
d- 75 olariciresmol, 380, 381, 382 
J^olysergbydrazide, 283 
d-Jsoiyserg-d-p-hydroxyisopropyl- 
amide, 283 

J^olysergic acid, 279, 280, 281 
d-J^olysergic acid, 279 
J^onicotmie acid, 287 
J^oTwragatbic acid, 193 
J^owragatbenol, 193 
/sopiiocarpine, 226-231 ^ 

d-/sopilopic acid, 230, 231 
Z-J 5 opilopic acid, 230, 231 
Isoprene, 119 

P-j 5 opropyl-a-amino propionic acid, 
278 

/aopulegol, 393 
J^oquinoline, 290 
- — compound, 404 
/^ostrycbnine, 298 
/-sotbebaine, 267 
J^ozingiberene, 138, 139 
J^ozingiberene, structure, 140 

Jabokandi leaves, 226 
Jaborine, 226 
4 ^-Jaborme, 226 
Juniper wood, 133 

Kaiwpheiiol, 324 
Kauri resin, 190 
Keracyanin, 323 
a-Keratin, 25 
p-Keratin, 25 
Keten, 421 
Ketens, 4 
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p-K,eto-aS-6^<s-3 ; 4-dimetlioxyphenyl- 
'Y-methylva'jeramMe, 375 
Ketciiiiaetiiylgliitaric acid, 165 
oc'-Keto-aa-dlmetliylglutanc acid, 166 
Ketodihydromethylinorpliimethiiie, 

, 259 . 

Ketoyobyrine, 290 ■ 

Kuhn-Eoth estimation,' 351 
micro-examination, 303 

Lactones., 50 
■'Cfaetose, 39, 71 ' 

Laevnlinic acid, 127, 203, 205 
aldehyde, 203, 205 
Laminaria cloustonij 105 

— digitata^ 105 

— saccharinayl05 
Laminaribiose, 105, 106 

— osazone, 106 
Laminarin, 105-109 

• — , molecular size, 107-108 
— •, oxidation by periodic acid, 107 
— , specific optical rotation, 106 
— , structure, 105-106 

— triacetate, 105 
d-Larioiresinol, 379, 380-382 
Larix decidua, 380 
Latidanosine, 247, 267, 269, 270 
Lecanora gangaleoides, 351 
Leoanoric acid, 341, 243, 344, 422 
Leguminosae, 209 

i-Leucine, 277, 278 
l-Leucomaolurin-glycol ether, 368 
Leuconostoc species, 108 
?-L3ucyl-triglycyl-2-leucyl-triglyoyl-2- 
leucyl-octaglycyl-giycine, 362 
Lichen Acids, 341-351 
Liohenin, specific optical rotation, 106 
Lignans, 372-382 
Lignocelluloses, 388 
Linalool, 123, 177, 393 
Lophophorine, 245, 252-253, 254 
Lupenoi, 209 
Lupenylacetate, 210 
Lupeol, 208, 209-211, 223 ' 

Lutidone, 404 
Lycorine, 270-271, 272 ' 
«^-Lyserg-d-^-hydroxyMopropylamide, 
^283.', ' ' 

Lysergic acid,' 277, 278-281, 283 
, ,'amide,'277,'284 • 

Magnesiitm jp-tolyl bromide, 139 
Magnetic rotatory power, 29, 31 

— susceptibility, 31 
Maleic anhydride, 189 

fumaric acid series, paraohors, 29 

d-Malio acid, IS 
^Malic acid, 18 
Maionic aoii 228 


Maitase, 392 
Malt diastase, 93 
Malto bionic acid, 70 
Maltodextrins, 92 

Maltose, 38, 39, 66-71, 79, 85, 86, 91, 
93, 94, 96, 97, 100, 363 
— , structure, 70 
Malwidin chloride, 320 
Maivin, 321 

Mandelic acid, racemic, 17 
e^^Mandelic ethyl ester, 77 

1- Mandelonitrile glucoside, 77 
Manila copal resin, 190 

— Elemi, 217 
Mannitol, 362 
fZ-Mannonic acid, 62, 63 
d-Mannosaccharic acid dilaotone, 62, 

63 

c?-Mannose, 62, 63 
P-d-Mannuronic acid, 118 
<i-Mannuronie acid, 61, 62, 63, 118 
d5-Mannuronic acid lactone, 62, 63 
Manoene trihydrochloride, 196, 197, 
200 

Manool, 194, 197-199 

Manoyl oxide, 194-196, 197, 199, 200 

Marine algae, 61 

Z-Matairesinol, 372, 373, 379, 380 
Mecocyanin, 323 
Mellophanic acid, 134 
Menthol, 17 
Menthone, 393 
LMenthylamine, 17 
Mesityl oxide, 393 
Metal-ketyis, 4 

3-Methoxy-4-acetoxyphenanthrene-9 : 

lO-quinone, 259 
m-Methoxyaniline, 242 
Methoxydiacetoxyphenanthrene, 259 

3- Methoxy-4 ; 6-diaoetoxyphenan- 

threne, 262 

4- Methoxy-3 : 5-dihydroxybenzoic 

acid, 336 

3- Methoxy-4 ; 6-dihydroxyphenan- 

threne, 258 

— -4 : 8-dihydroxyphenantbrene, 264 

— -4-ethoxybenzoie acid, 380 

5- Methoxy-4-ethoxy-2-(3'-methoxy- 

4'-ethoxybenzoyl) benzoic acid, 
377, 380 

Methoxyhydroxyphenanthrene, 257 
Methoxymalonic acid, 51, 52 

2- Methoxy-l-inethyl-i : 4-dihydro- 

pyrid-4-one, 237 

4*Methoxy-l -methyl-1 : 2-dihydro- 
pyrid-2-one, 237 

4- Methoxy-l -methylquinoline, 244 
4-Methoxy-2-methyl<3[mnolme, 243 
7-Methoxy-4-methylqumoline, 242 
^-Methoxyphenylethylamine, 246 
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{X-MethoxyquinoliBe, 243 
y-Metlioxyqiimoline, 243 
Afetiiyl abietate, 180, 183, 184 
“ Metliylabietiii/* 183, 184, 185 
Metliyl acetyldeoxj^glycyrriietate, 221 
■ — • O-acetidaYemate, 344 
MetbYlamme, 394 
MetHyl-Y-aminobatyrate, 273 
i-Metliyl-5-ammoiiapii'tlia!eiie, 279, ■ 
N-Metbyianlaalamme, 253 ' 
Metbylated cellulose, 84, 88, 89 ; 

— starcb, 97 , 

4-Metliylazule,ne, 162 

3- Metliyl-5 : 6-beiizqiiinoline-7- 

carboxyiic acid, 281 
a-Metbylbutyrie acid, optically active, 

■ 18 ~ ' ‘ 

Metliyl cbloro-formate, 346 
Metliylc^/cfohexanone, 122, 403 
Methyl deoxyglycyiThetate, 221 
Methyldextrin, 93 

Methyl 2 ; 6-clihydroxy-4-methoxy-3- 
methylbenzoate, 348 

— 6 : 7-dimethoxy-l-{3'' : 4'-dimeth- 
oxyphenyl) iiaphthaleiie-2 ; 3-di- 
carboxylate, 376 

— P-3 : 4-dimethoxyphenyi-a-methyi- 

propionate, 374 

— O-dimethyllecanorate, 346 

6 : 7-Methyienedioxy-l-ethyiphen- 
aiithridine, 271 

6 : 7~Methyienedioxy-10-methyi- 
phenanthridone, 271 
Methylenedioxyphenauthridine, 271 
4 : 5-Methyieiiedioxv-o-phthalio acid, 
"271 

6- Methylergoline, 281 

Methyl 4-ethoxy-3 : 5-dichlor-o-orsel- 
iinate, 354 

ethyianiline oxide, 20 

1 : l-Methylethyiethylene, 184 
a-Methyl-Y-ethylglutaconic acid, 14 
Y-Methyl-a-ethylgiutaconic acid, 14 
Methyl-ethyl-maionic acid, 17 

7- MethyI- 1 -ethylphenanthrene, 1 93 
1 -Methyl- 7 -ethylphenanthrene, 1 87 

4- Methyl-3-ethyipyiidine, 302 
Methyl evernate, 344 
cd-Methylfructoside, 57 
p-Methylfriictoside, 57 
Methylgalipine, 243 
Methylghicoside, 41, 46, 47, 100 
a-Metliylglucoside, 47, 53, 84 
(S-Methylgincoside, 47, 53, 84 
y-Methylglucoside, 47, 53, 54, 55 
{3-Methylglycerol ay-diethyl ether,281 
Methyl glycoside, periodic acid oxida- 
tion, 116 

— giyc;^Ti"hetate, 221 

— guvacine, 234 


Methjdhariiiine, 287 
; Methylharmiue inetlipclide, 2S7 ' 
Methvlliepteiioiie, 139, 203, 204, * 205, 
206 

p-Methyliminodipropakleliyde tetra- 
ethylacetal, 234, 235 
Methyl Moeverninate, 346 
■ 6-Methy I-4-isopropyl- 1 -naphthoic 
acid, 131 ' 

l-Methyl-7-?‘;SOpropylphenanthrene, 

179 

Methyi-4-keto-S : 4-dihydroqiimazolyl-^ 
3-ac8tate, 272, 273 
Methyl iysergate, 283 
Methylmaitoside, 67 
a-Methylniannoside-2 : 3-mono«ace- 
tone, 62 

a-Methyi-fZ-manniironide, 62 
Methyl 4-methoxy-3 : 5-dichIor-o- 
orseliinate, 354 

Methylmorphimethine, 255-267 
P-Methylmorphimethine, 257, 264, 
265,266 

Methyimorphimethines, 264, 265 
Methylmorphine, 255, 260 
Methyl yjoragathate, 193 

— orsellinate, 344 

— phioracetophenone, 347, 348 

— phloroglucinol, 347, 348 

Meth 3 d pimarin,” 186 * 

Methyl-poiygalactnronate, 117 

— -potygaiacturonate, periodic acid 
oxidation, 117 

N -Methjd quinoline, 243 
N -Methjdquinolinebetame tricar-*’" 
hoxylic acid, 279 
Metliylstrychnine, 302 
Methyl tetra-acetylgyi*ophorate, 346 
N -Method- A ^-tetrahydropyridine-S - 
aldehyde, 234, 235 
Methyl tetrahydrosapietate, 189 

— O-tetramethjdgyrophorate, 346 
Methyliirea, 226 
0-Methylusnetol, 348 
y-Methyl-n-valeric acid, 204, 206, 207 

Mezcal Buttons,” 245 
MezcaHne, 245, 247-248, 249, 254 
Micelle, 24 

2-0-Monoacetyi-P-glucosidylpMoro- 
glucinaldehj^de, 321 
Mono-heterocycHc compounds, 9 
of antimony, 10 

— — of arsenic, 10 

— — of bismuth, 10 

of iodine, 10, 11 

of lead, 10 

of mercury, 9 

of j)hosphorus, 10 

of selenium, 10 

of silicon, 10 
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Mono- heterocyclic compounds of tellu- 
rium, 10 f 

— ^ of tin, 10 
Morphenoi, 257, 258 ■ 

Morphine, 254, 255, 257-265, 267, 268 
Mucilages,; 61 
Mutarotation, 40-48, 46 
Myrcene, structure, 175, 176 ' ■ 
Myricetin,. 326, 327 • 

."Myricitrin,. 327 
^ Myristicine, 252 

1 : 7 -ISrAPHTiL 4 .LEKE dicarboxylic acid, 

isr ■ 

Naphthoic acid, 131 
a-Naphthoqiimone, 189 
Narceine, 247, '269, 270 
Narcotine, 247 
Natural pigments, 3 

— syntheses, 383-^24 
Neoarsphenamine, 7 
Neopine, 266 
Nerol, 123, 393 
Neroiidol, 422-125, 127 
— , structure, 124 
w-Nitroanisic acid, 287 
m-Nitro benzoyl chloride, 249 
o-Nitrobenzylchloride, 273 
o-Nitrobenzylpyrrolidone, 273 
2-Nitro-3 : 4-dimethoxyphenylaceto- 

nitrile, 261 

Nitrolaudanosine, 267, 268 
Nitromethane, 12 , 13, 247, 249, 252 
Nitroso-methylurea, 46 
NJtrostyrene, 247 
Non-polar double bonds, 29 
Moragathic acid, 193 
Morekasantalal, 147, 148 
iV'of ekasantalio acid, 147, 148 
Nofharman, 288, 290 

— ring system, 295 
Novocaine, 9 

Octadecafeptide, 362 
Octamethyl-maltobionate, 70 
Octamethyi-suorose, 57, 63, 64 
Oil of angostura rind, 133 

— of camphor, 176, 178 

— of chamomile, 160 

— of clo.ves, 163 ' , 

— of cubebs, 133 

— of geranium, 160 
— , Java ^yetiver, ' 161 , 

Olm Europaeay ljixmQ, 211 
Oleanolie acid, 211-217, 218, 221, 222 
Olefinic terpene, 415 

Oieoresiii acids, 178 
Oleum cadinum, 133 
Oligosaccharides, 88 
^Olivil, 373 


Ol)ticaUy active compound, asym- 
metric synthesis of, 17 
Optical rotatory power, 20, 40 
Orcinol, 342, 404, 407, 415 
Orcyl aldehyde, 344 
Orseilinic acid, 341, 342, 343, 344, 346, 
352, 254, 422, 423 
o-Orseiiinic acid methyl ester, 352 
Osazones, 37 

N-Oxalylahthranilic acid, 300 
Oxidases, 309, 393, 418 
Oxide rings in sugars, 46-48 
Oxido-dihydroxyabietic acid, 1 81 
Oxonium salts, 313 
Oxoyobyrine, 292 
Oxyhaemoglobin, 362 

Palaeontology, 26 
Papaverine, 247,267, 268, 269, 270,413 
Parachor, 27, 28, 29 
Pausinystalia yohimba Pierre ex Beille 
(Fam. Rubiaceae), 289 
Pectic acid, 112, 113, 114 
, molecular formula, 113 

— substances, 110-117 
Pectin, 61 

cellulose complex, 110, 111 

— , from citrus, 114 
— constitution, 112 
— , from flax, 12, 113 
— , “ soluble,” 111 
— , from sugar beet, 113 
— , x-ray examination, 115 
Pectinic acids, 110, 112 

— acid, constitution, 112 
Pectins, 110, 111 

Pectose .(protopectin), 110, 111, 112 

— , constitution, 111-112 

— , isolation, 111 

Peganine, 272 

Peganum harmala, 272, 287 

Pegu catechin, 368 

Pelargonidin, 316, 317, 318, 320, 324, 
325 

Pelargonin, 321 

— chloride, 321, 322 
PeUotine, 245, 250-262, 254 
Penicilioio acids, 9 
Penicillins, 8, 9 

Pentacetyi-digallic acid, 337, 340 
Pentacetyl-m-digallie acid, 359 
Penta-(w-digalloyl)-glucoses, 357-360 
Penta-(m-digalloyi)-p-glucose, 3, 360- 
361 

Pentahydroxydiphenvl-methylolid, 

364 

2:4 : 6 : 3' : 4'-Pentamethoxy-aY-di- 
phenylpropane, 367 
Pentamethyl-arbutin, 76, 77 

— -r-cateohin, 368 
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Pentamethyl-gliicoside, 75 
Pentametliyi-salicin, 75 
Penta-lpentanietlijd-JB-digallGyi)- 
glncose, 358 
Pentose, 399 
Pentosnm, 417 
Peonid in cliloride, 319, 320 
Peonin, 321, 323 
Pepsin, 392 
Peptones, 388, 392 
Peimiol, 123 

Phenantirene-i : T-dicarboxvlic acid, 
183, 186 

Phenanthridine, 270, 271, 272 
Phenolpiithalem, 13 
Phenyiacetylammoacetakleliyde, 9 
2-Piienyi-4-[acetylgiyoxalme-4- 
metlivlidine] oxazoione, 232 
/-Phenylalanine, 277, 278, 284^ 
jS-Phenyl-a-aminoproxjionic acid, 278 
Phenyiclimethylethylamine, 247 
Phenylethyi alcohol, 246 
Phenylhydrazine, 37 
Phenyliiydrazones, 37, 38 
P-Phenyl-a-methyiglntaconic acids, 
15‘ 

6-Phenylpiperonyl alcohol, 272 
Phlobatannins, 332, 365-371 
Phioroacetophenone, 367 
Phlorogluclnaldehyde, 318, 321 
Phloroglucinol, 318, 366 
Phorone, 393 
Photochemical effects, 394 
Photochemistry, 34 
o-Phthalic acid, 292 
— anhydride, 1 97 

Phthalimidomethyl d-homopilopoyl 
ketone, 230, 231 
Phytol, 174 
Ci-Picoline, 288 
Picric acid, 300 
Pigments, plastid, 308 
— , soluble, 308 
Piloearpidine, 226-231 
f/-Piloearpidine, 230, 231 
Pilocarpine, 226-231, 232 
— , structure, 229 
//-Pilocarpine, 230, 231 
^Jf-Pilocarpine, 226 
Pilopic acid, 226, 227, 228, 229, 230 
d-Pilopic acid, 230, 231 
/-Pilopic acid, 230, 231 
Pilosine, 226, 231-232 
Pilosinine, 231-232 
Pimanthrene, 185, 187, 191 
d-Pimaric acid, 185-189, 191, 193, 

194 

/-Pimaric acid, 180, 189 
tZ-Pimarol, 186 
p-Pinene, 210 


Pinene dibromide, 149 
eZ-Pinoresinol, 373, 37^, 380, 382 
Piperonal, 244 ♦ 

Plant gums, 61 

— pigments, genesis, 409 
Platypus, 26 

Pneumococcal meningitis, 8 
Pneumococci, 7 
/-Podophyllotoxin, 372, 373 
Polyketides, relation to benzene com- 
pounds, 406-408 

to carbohydrates, 405-406 

— , vital synthesis, 402-404 
Polypeptides, 3, 388 
Polysaccharides, 38, 79-109 
Polyuronides, 61 
Populin, 317 

Potassium acid tartrate, 117 
Prehnitic acid, 134, 178 
d-Proline, 277, 278, 284 
Prontosii, 7, 8 

— 8,7 

w-Propyl formate, parachor, 28 
Proteins, 3, 384, 386, 387, 388, 389 
— , vital degradations, 418-422 

— — syntheses, 418-422 
Protocatechualdehyde, 370 
Protocatechuic acid, 318, 366 
Protoplasm, 386 

Prunicyanin, 323 * 

Pseudo-acids, 12, 13, 14 

— -amylose, 99 
bases, 12 

— -codeine, 264, 265 
Pulegone, 122, 403 • 

Purines, 388 
Pyran, 59 

Pyranose structures, 59-61 
Pyridine-2 : 4 : 5-tricarboxylic acid, 
292 

Pyridine derivative, 423 
Pyrogallic acid, 178 
Pyroguaiacin, 374, 380, 381 
Pyromelhtic acid, structure, 178 
Pyrones, 388, 393, 405, 423 
a-Pyrones, 364, 3fe 
Pyi’ones, formation, from carbo- 
hydrates, 408 
Pyrousnio acid, 350 
Pyrroles, vital syntheses, 413-414, 423 
Pyrrolidine-2-carboxyiic acid, 278 
Pyruvic acid, 277, 278, 286, 420, 421 

QtJEEOBTIN, 311, 312 
4-Qumazolone, 272 
Quinoline, 279 

Quinones, absorption spectra, 32 

Kamie, 24 
Keductases, 393 
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Relbrmatsky reaction, 159 
Resacetophenome, 370 
Resonance, 33 ' 

Retene, 128, 179, 185, 189 
Rliamnoses, 43, 48-50, 323 
Rhodinal, 383 
Ricinic" acid, 238 
Ricinidine, 238, 239 
Ricinine, 236-241 
Ricininic acid, 236, 239 
Rosin,; 178' 

'Rubber, 24, 119, 120 
Tubes mhruwbf 
Rutaceae, 209 
Rye seeds, 276 

JSaccorMza bulbosa, 105 
Salicin, 38, 74-75 
Salicylic alcohol, 74, 75 

— aldehyde, 74 
Saligenin, 74 
Salvarsan, 7 
Salvia Sclareat IQ4 
Sandalwood oil, 146 
Santaial, 146, 147 
Santalenes, 146 
Santalio acid, 148 
a-Santalol, 146-151 
— , structure, 151 
p-Santalol, 146 
Santene, 146, 147, 148 
Z-Saipietio acid, 185, 189-190 
SapinduSp 211 

Saponlns, 201 

Sapotacae^ 209 

Sclareol, 194, 200 

Selinene, 130, 145 

Selinenes, 140-143, 144 

a-Selinene, 140, 141, 142 

oc-Selinene, structure, 143 

P-Selinene, 140, 141 

p-Selinene, bishydrochloride, 140, 141 

P-Selinene, structure, 143 

y-Selinene, 142 

6-Selinene, 142 

Semicarbazide hydrochloride, 350 
Semi-polar double bonds, 29 
Sesquiterpenes, 119-173 
Shea-nut oil, 223 
Sinomenine, 266-267 
Sinomenium acutum, 

Skraup’s synthesis, 281 
Soamin, atoxyl. 

Sodium p-(3 : 4-dimethoxybenzoyi ) 
propionate, 377 

— poiygalacturonate, 116 
“Soluble” pectin, 111 
Soluble starch, 91, 92 
Spatial conjugation, 23 
Spinacene, 202 


Spiroehaete, 7 
S|piro-compound, 22, 23 
Squalane, 202 

Squalene, hexahydrochiorides, 202, 
208 

■ — , synthetic, 207-208 
Squalenes^ 201-208, 209 
Squalidae, 202 
Staphylococci, 7 

Starch, 39, 66, 68, 79, 90-99, 100, 
384, 386, 387, 388, 392 
, degradation, 91 
— , disaggregation, 91 
— , molecular spiral, 96 
— , specific optical rotation, 106 
Stereochemistry, 15, 16 
Stovaine, 9 
Strain Theory, 21 
Strychnidine, 296, 297, 298, 300 
Strychnine, 295-307 
— , benzylidene, 297 
Strychninic acid, 296, 297 
Strychninolio acid, 298, 299, 301 
Strychninolone, 298, 301 
Strychninonic acid, 298, 299, 301, 303 
Strychnos Nux-vomica, 295 
Strychnos plants, 295 
Succinic acid, 127 

Sucrose, 38, 39, 45, 53, 56, 57, 63-66, 
73, 80 

— , structure, 66 

Sugars, oxide ring structure, 41, 42, 43 
Sulphanilamide, 7, 8 
Sulpharsphenamine, 7 
Surface tension, 27, 28 
Synthetic drugs, 7 
Syringidin chloride, 320 

Tannins, 3, 329-371 
— , catechol, 365 
Tautomerism, 14, 15 
Terephthalic acid, 139, 178 
Teresantalic acid, 147, 148, 149, 151 

— — , methyl ester, 150 
Teresantalol, 146, 149 
Terpenes, 2, 119, 120, 388, 415 

— cyclic, 119, 121 

— oiefinic, 119, 121 
Terpineol, 393 

Tertiary butylcarbinol, 184 
Tesla luminescence spectra, 30, 31 
o>-0-Tetra-acetyl-p-gluoosidoxy-4- 
acetoxyacetophenone, 320, 321 
3-0-Tetra-acetyi-p-giucosidoxy-7- 

hydroxy-5-benzoyioxy-4'-acetoxy 
flavyiium chloride, 321 
O-Tetra-acetyl-a-glueosidyl bromide, 
320, 321 

2:4:3': 4'-Tetrabenzoyioxychalkone, 

■'■■370;,, 
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Tetrac?/c?osc[iialene, 208, 209 
Tetradepside, 332, 333 ■ 
d-Tetragalacturonie acid, 112 
Tetragaliojd ellagic acid, 364 
Tetraliydroabietio acid, 179, 180, 182 
TetrahydroagatliiG clicarboxyiic acid, 
191 

Z-Tetrabydroearvone, 159 
Tetrabydrocaryophyllene, 165 
Tetrabydro-a-cyperone, 156 
Tetrabydrodeoxycodeme, 267 
Tetrabydroeremorpbiione, 151, 152, 
154 , 

Tetrabydrofiirans, 372 
Tetrabydrobarmine, 287 
5 : 6 : 7 : 8-Tetrabydroi5oqtdnolme-3- 
carboxylic acid, 292 
Tetrabydi'omanoene, 198 
Tetrabydromanool, 3 97 
Tetrabydronapbtbalenes, 372 
Tetrabydropimaric acid, 187, 189 
A^-Tetrahydropyridine-S-carboxylic 
acid, 234 

2:4:3'; 4'-Tetrabydroxy- 
ohalkone, 370 

: 7 : 3' : 4'-Tetrahydroxy) flav- 
pmacoi, 371 

Tetrahydroyobyrine, 290, 291, 292 
4:5:3': 4'-Tetrametboxy-2-benzoyl- 
benzoio acid, 376 

1:3:3'; 4'-TetrametboxyflavonoI, 
312 

1:3:3'; 4'-Tetrametboxyflavonone, 
311 

Tetrametbylanbj^dxo-d-catecbin, 369 
Tetramethyianbydroejp'icatecbin, 369 
1:2:3: 4-Tetramethylbenzene, 211, 
'223- 

Tetrametbyl-d-cateebin, 369 
fi — e^zcatecbin, 369 

— fructoses, 56, 57 

1:3:4: 5-Tetramethylfructose, 57, 

64 ■ 

1:3:4; 6-TetrametIiyl fructofura- 
nose, 82 

Tetrametbyl-y-fructose, 64 

— fructosides, 56 
galactose, 71 

Tetramethylgluconic acids, 51, 52 
2:3:5: 6-Tetrametbylglueonic acid, 
55 

2:3:5: 6-Tetrametbylgluconio acid, 
lactone, 55, 71 

2:3:5: O-Tetrametbyl-y-glucono- 
lactone, 101 

Tetrametbylgiucose, 38, 41, 42, 46, 
51, 57, 07, 75, 77, 97 
Tetrametbyl-y-glucose, 54 
2:3:4: 6-Tetranietbylglucose, 51, 52, 
72, 73, 85, 87, 100, 101, 102, 104 


2:3:5: 6-Tetrametliylglucose, 
51,52,54,55 r, ■ 
Tetrametbyl-indican, 75, 76 ^ 

Tetrametliyl metbylgliicosides, 42, 43, 
44, 46, 54, 87 ‘ 

■ a-Tetrametbyl-metbylgliicoside, 54, 
76, 77 ■ 

p-Tetrametbyl-metbylglucoside, 54, 
76,77 

y-Tetrametbyl-inetbylglucoside, 54 
2:3:4: 6-Tetrametbyl-metbylglnco - 
side, 89 

1:2:5: 6-Tetrametbylnapbtbalene, 
211, 212, 215, 223 
Tetra-(tribenzoybgalloyl)-tribromo- 
pbenoi, glucoside, 363 
Tbebaiiie, 254, 255, 257, 262, 285-266 
Thiazolidines, 9 
Tbio -indigo, 6 
— scarlet, 6 
Tbio-indoxyl, 6 

2-Tbiol-5-d-homopilopoylglyoxaline, 
230 231 

2-Tbiolpilocarpidine, 230, 231 
Tbymoi compound, 404 
o-Toluic acid, 292 
m-Toluic acid, 292, 293 
^-^-Tolyl-p-metbylheptane, 139 
dUTran$-3 : S-dimetbylcycZobutane-l : 

2-dicar boxy lie acid, 167 
Trans-4: : 9-dimetbyidecabydro- 
napbthalene, 145 

d^^^m?l5-?^orcaryopbyllenic acid, 167 
Triacetic acid, 403, 405 
oj-S : 4-Triace toxy-acetopbenone, 3^0 
Triacetylgalbc acid, 336, 337 
Triacetyl-galloyl chloride, 337 
Tribenzoyi-gailic acid, 362 
Tribenzoyl-galloyl chloride, 363 
Tribromopbenol, glucoside, 362 
Tricyclene, 149, 151 
Tridepside, 332, 333 
Tri-[y>-bydi’oxybenzoyi]-^3-bydroxy- 
benzoic acid, 333 

3:4: 5-Tribydroxypbenantbrene, 257 
Trimeilitic acid, 134 
Trimetiioxybenzaldehyde, 247 
3:5: 7-Trimetlioxycoumarm, 316 
Trimetboxygallic acid, 247 
3:4: 5-Trimetboxypbenantbrene,25S 
2:4: 6-Trimetboxypbenyl-3' : 4'-di“ 
methoxystyri ketone, 367 
6:7: 8-Trimetboxy-l : 2 : 3 : 4- 
tetrabydrozsoquinoline, 253 
Trimetbylamine, 256 
Trimetbylanbalaniine, 248 
Z-Trimetbylarabinose, 58 
Z-Trimetbyl-y-arabinose, 65 
d-2 : 3 : 4-Trimetbyi-S-arabonoiactone, 
58 
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2 ; 3 : S-Trimetliyl-fl-aTabonolactonej 
'■ 65 , 

1 : 2"*? 1 -^ 111116 til vlbenaene, 182, 183, 

' 187 

3:4: 6-Trimetliyl fmctofuraiiose, 82 
'Y-Trinietliylfractose, 79 
Trimethylfmcttironic, acid, 58, 65 - 
■ 3:4: 6-Trimetbyifructtironic acid, ■ 80 
2:4: 6-Trimetbyl-^l-galactose, 108 
' Trjmetbylgallio acid, 248, 357 
' Trimetbyl-galloyl cliloride, 358 • 

•2 : 3 ; 4-Trimetbylgiiicose, 68, 72, 73 

2 : 3 : 6-Trimethyigiucose, 68, 69, 71, 

85, 86, 87, ioo, 101, 102, 104 
2:4: 6-Trimetbylglucose, 105, 108 
2:3: 6-TrimetbyIgluoose, structure, 
84 

Trimetbylglycogen, 100, 101 
Trimetbyiinulm, 79 
Trimetbyilaminarin, 105 
2:3: 6-Triaiethyl-metbylglucoside, 89 
2 : 3 : 6-Trmiethyi-p-inetbylgiucoside, 
87 

1:2; d-Trimetbylnapbtlialene, 190, 
192, 194, 195, 200, 208, 209 
1:2: 7-Trimethylnaplithalene, 211, 
221, 223^ 

1:2: 6-Trimethylphenanthrene, 223 
1:2: 8-TrimethylpIienanthrene, 195 
’TCi'imetliyirhamnose, 49 
Triinethyistarch, 100 
Trinitro-nitrito-methane, 13 
Tripbenylmetbyl, 4 
Triterpenes, 201-224 
TrSpaeohmi rn^ajust 323, 397 
Tropinone, 411, 412 
wor-Tropinoiie, 41 i 
Truxiilic acid, 389 
Trypsin, 392 

Tryptamine, 294, 302, 303, 304 
Tryptophan, 275, 288 
Tsugaresinol, 376-380 
Tyrosine, 240, 247, 372 

UMBELLiiTSEONS couipound, 404 
Urea, 31 

Uric acid, 421, 422 


Uronic aeids, 61-63 
Usneol, 347, 348 
— dimethyl ether, 348 
Usnetic acid, 347, 348, 349, 350 
Usnetoi, 347, 348, 349 
Usnic acid, 341, 347-351 

VASicmE, 272-276 
— , physiological synthesis, 274-275 
Veratraldehyde, 367, 377 
Yeratric acid, 241, 242, 367, 380 
2-Veratroylveratric acid, 380 
Yeratryl aldehyde, 243 
Vestertog method, 128, 130, 133, 139, 
141, 143 

Vetivazulene, 101, 162 
Vital syntheses, 383-424 
Vitamin A, 174 
Vorlander’s Rule, 11 

Wagner-Meerwein intramolecular 
change, 184 

Walden Inversion, 18, 330 
Wave-mechanics, 32 
Weidel reaction, 237 
Wolff method of reduction, 149, 213 
Wool, 24 

X-KAY diffraction, 24, 25, 26 
o-Xylene, 154 
m-Xylene, 182, 183, 187 
Xylose, 50, 112, 113 
Xylo-trimethoxygiutaric acid, 51, 52, 
53 

Yobyrine, 290, 292 
Yohimbe, 289 

Yohimbic acid, 289, 290, 202 

Yohimbine, 289-293 

Yohimbol, 289, 293 - 

Zeisel’s reaction, 255 
Zerewitinoff reaction, 197, 272 
Zingiberene, 137-140 
— , structure, 140 
Zinnia eUgans, 323 
Zymase, 77 


